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ABSTRACT OF THESIS 
 
 
COMPARISON OF THE TIMES TO EXHAUSTION, PHYSIOLOGICAL, 
PERCEPTUAL, AND NEUROMUSUCLAR RESPONSES DURING CONSTANT 
HEART RATE, CONSTANT V̇O2, AND CONSTANT POWER EXERCISE 
 
 The purposes of this study were to: 1) Determine if there are differences in the 
sustainability of exercise when anchored at critical heart rate (CHR), the V̇O2 associated 
with CHR (V̇O2CHR), or the power output associated with CHR (PCHR); 2) examine the 
patterns of responses in power output, metabolic (heart rate [HR], V̇O2, respiration rate 
[RR]), neuromuscular (electromyographic [EMG] amplitude [AMP], mean power 
frequency [MPF], mechanomyographic [MMG] AMP and MPF, perceptual (rating of 
perceived exertion [RPE]), and muscle oxygenation responses (%SmO2) during exercise 
anchored by HR, V̇O2, and power output; and 3) determine if the CHR can be used for 
exercise prescription based on time to exhaustion (TLim), physiological, perceptual, and 
neuromuscular responses. Six, moderately trained, subjects performed a graded exercise 
test (GXT). On separate days, 4 constant power output trials were performed in a 
randomized order at 85%, 90%, 95%, and 100% of the peak power output (PPO) 
determined from the GXT. The total number of heart beats (HBLim) for each power output 
was calculated as the product of the average 5-second HR and TLim for each constant power 
output trial. The CHR was defined as the slope of the linear regression of the HBLim versus 
TLim relationship. The V̇O2CHR was derived from the linear regression equation of the V̇O2 
versus HR relationship from the GXT where V̇O2CHR was defined as the V̇O2 
corresponding to CHR. Similarly, the PCHR was derived from the linear regression of the 
power output versus HR relationship from the GXT where the PCHR was defined as the 
power output corresponding to CHR. The physiological, perceptual, and neuromuscular 
responses were recorded during trials at CHR, V̇O2CHR, and PCHR. Polynomial 
regression analyses were used to examine the patterns of responses for all variables. The 
HBLim versus TLim (r
2 = 0.9946-0.9995), the V̇O2 versus HR (r2 = 0.8833 – 0.9899), and the 
power output versus HR (r2 = 0.9600 – 0.9886) relationships were highly linear. The CHR 
(170  9 beatsmin-1, 91  5% HRmax), V̇O2CHR (31.55  7.85 mLkg-1min-1, 81 10% 
V̇O2peak), and PCHR (199  70 Watts, 75  11% PPO) were maintained for 46.28  18.49, 
28.93  24.41, 22.60  21.61 min, respectively. At CHR, there was no change in HR, 
quadratic decreases in V̇O2 (R2 = 0.976) and power output (R2 = 0.900), quadratic increases 
in RR (R2 = 0.590), EMG MPF (R2 = 0.986), and MMG MPF (R2 = 0.739), linear increases 
in RPE (r2 = 0.960), %SmO2 (r
2 = 0.940), and MMG AMP (r2 = 0.921), and linear decreases 
in EMG AMP (r2 = 0.935). At V̇O2CHR, there was no change in EMG AMP, MMG AMP, 
and MMG MPF, quadratic decreases in power output (R2 = 0.810), quadratic increases in 
     
 
RPE (R2 = 0.964), linear decreases in V̇O2 (r2 = 0.580) (despite V̇O2start = 31.15 mLkg-
1min-1 not being different from V̇O2end = 30.85 mLkg-1min-1), and linear increases in HR 
(r2 = 0.860, RR (r2 = 0.940), %SmO2 (r
2 = 0.390), and EMG MPF (r2 = 1.000). At PCHR, 
there was no change in power output, and MMG AMP, quadratic decreases in EMG MPF 
(R2 = 0.700), quadratic increases in V̇O2 (R2 = 0.839), HR (R2 = 0.960), and RPE (R2 = 
0.996), linear increases in RR (r2 = 0.990), and EMG AMP (r2 = 0.500), and linear 
decreases in %SmO2 (r
2 = 0.720), and MMG MPF (r2 = 0.547). These findings indicated 
the CHR was more sustainable than V̇O2CHR and PCHR, and may provide a suitable 
stimulus for cardiorespiratory endurance training. 
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CHAPTER 1. INTRODUCTION 
 The current recommendations for exercise prescription to improve 
cardiorespiratory endurance (CE) rely on percentages of oxygen uptake (V̇O2) and heart 
rate (HR) max or reserve (V̇O2R and HRR) that are low enough to be maintained for 20 to 
60 minutes, but high enough to elicit the desired metabolic and cardiorespiratory responses 
(Riebe et al. 2018). The threshold (%V̇O2 or HRmax) for improving cardiorespiratory fitness 
is dependent upon an individual’s training status, where intensities of 65 – 80% V̇O2max in 
moderately trained individuals and 95 – 100% V̇O2max in highly trained individuals may be 
required to elicit adaptations (Midgley et al. 2006). However, the current understanding of 
physiological and perceptual responses to continuous, dynamic exercise is centered 
primarily on measures taken when exercise intensity is anchored by power output, not V̇O2 
or HR (Gaesser and Poole, 1996). During exercise maintained at a constant power output 
above the gas exchange threshold (GET), there are predictable, intensity dependent 
increases in HR, V̇O2, respiration rate (RR), muscle activation [electromyographic 
amplitude (EMG AMP)], and the ratings of perceived exertion (RPE) (Dinyer et al. 2019; 
Bergstrom et al. 2020; Bergstrom et al. 2013a; Bull et al. 2000; Poole 1988; Brickley et al. 
2002; Darabi et al. 2009; Hill et al. 1999; Dekerle et al. 2003; Gaesser et al. 1996). 
Additionally, fatiguing, constant power exercise is characterized by decreases in action 
potential conduction velocity of the active muscles [EMG mean power frequency (EMG 
MPF)] (Dinyer et al. 2019; Bergstrom et al. 2020; Bergstrom et al. 2012b; Bull et al. 2000). 
The motor unit activation strategies are further characterized by changes in motor unit 
recruitment [mechanomyographic amplitude (MMG AMP)] and the global motor unit 
firing rate [mechanomyographic mean power frequency (MMG MPF)] (Dinyer et al. 2019; 
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Bull et al. 2000; Bergstrom et al. 2013a). The specific MMG AMP and MMG MPF 
responses have been shown to vary depending on the power output (Dinyer et al. 2019; 
Bergstrom et al. 2013a; Bull et al. 2000), but in conjunction with EMG measures, further 
delineate the EMG AMP (muscle activation) into factors related to recruitment and firing 
rate of motor units due to muscular fatigue (Dinyer et al. 2019; Bergstrom et al. 2020; 
Bergstrom et al. 2013a; Bull et al. 2000). Thus, exercise anchored by power output is 
described by specific responses that reflect increases in the metabolic and cardiovascular 
intensity throughout the work bout and, at higher power outputs (> GET), may result in 
evidence of neuromuscular fatigue. Therefore, depending on the power output at which the 
exercise is performed, it is possible for the V̇O2 and HR to increase during the exercise bout 
to values that are greater than the prescribed ranges for the training session. 
Recently, researchers have explored the physiological and perceptual responses 
when exercise was anchored by a perceptual (RPE) or physiological parameter (HR) 
(Cochrane et al. 2015; Bergstrom et al. 2015; Bergstrom et al. 2014; Mielke et al. 2009). 
Under these conditions, the physiological responses no longer followed the predictable 
patterns described for constant power output exercise. For example, when the exercise 
intensity was anchored by HR, RPE and RR increased, but power output, V̇O2, and ?̇?E 
decreased (Bergstrom et al. 2015; Bergstrom et al. 2014; Mielke et al. 2009). Similarly, 
when RPE was used to anchor exercise intensities, V̇O2, respiratory exchange ratio (RER), 
and power output decreased (Cochrane et al. 2015). In addition, muscle activation during 
exercise anchored by a perceptual or physiological parameter did not follow the expected 
pattern of fatigue during constant power exercise, but instead tracked the decreases in 
power output (Cochrane et al. 2015; Bergstrom et al. 2015; Bergstrom et al. 2014; Mielke 
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et al. 2009). Thus, the current evidence indicates there are divergent patterns of responses 
for physiological and perceptual parameters when exercise is anchored by a physiological 
(HR) or perceptual (RPE) parameter compared to exercise anchored by a power output. 
Depending on the RPE or percentage of HRmax (or reserve) the exercise is prescribed; it is 
possible the decreases in power output and metabolic rate (V̇O2) may result in exercise 
performed below the recommended minimum metabolic intensity for improving 
cardiorespiratory fitness. Thus, it is important to identify a physiological intensity that is 
high enough to elicit the desired metabolic stimulus, but low enough to be maintained for 
at least 20 to 30 minutes. 
The critical power (CP) model is an individualized, power output based fatigue 
threshold that, theoretically, represents the highest power output that can be maintained for 
an extended period of time without fatigue (Moritani et al. 1981). Critical power is derived 
from the linear regression of the total amount of work (WLim) versus the TLim for multiple 
work bouts performed to exhaustion at various power outputs (Monod and Scherrer 1965; 
Moritani et al. 1981). It has been suggested (Gaesser and Poole, 1996; Poole et al. 1988) 
that CP demarcates exercise intensities that can be maintained for ≥ 24 min and result in 
steady state metabolic (V̇O2 and blood lactate) responses (heavy domain), from exercise 
intensities that result in exhaustion within 24 min, without the ability to maintain a 
metabolic steady state (severe domain). The CP model, however, tends to overestimate the 
highest sustainable power output (Bull et al. 2008; Housh et al. 2001; Bergstrom et al. 
2013a, Bergstrom et al. 2013b; Pepper et al. 1991). Rides to exhaustion at CP have been 
characterized by times to exhaustion (TLim) between 6.3 min and 60.0 min (Bergstrom et 
al. 2012; Bergstrom et al. 2013; Brickley et al. 2002; Bull et al. 2008) and increases in 
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EMG AMP, RPE, HR and V̇O2 that may (Bull et al. 2008) or may not (Poole et al. 1988; 
Sawyer et al. 2012) reach maximal values. In addition, EMG MPF, MMG AMP, and MMG 
MPF have been shown to increase, decrease, or remain constant during rides to exhaustion 
at CP (Bergstrom et al. 2012; Bergstrom et al. 2013; Dinyer et al. 2019; Bergstrom et al. 
2020; Bull et al. 2000). Thus, the CP model may overestimate an intensity that could be 
sustained for at least 20 to 30 minutes as recommended for improving cardiorespiratory 
endurance (Bull et al. 2008; Housh et al. 2001; Bergstrom et al. 2013a, Bergstrom et al. 
2013b; Pepper et al. 1991).  
The recent application of HR to the critical power (CP) model to derive the critical 
heart rate (CHR) (Mielke et al. 2011) may provide an individualized, physiologically based 
threshold that meets the intensity (83- 94% HR of V̇O2peak) (Bergstrom et al. 2014) and 
duration (>24 min) recommendations for CE training. The CHR is derived from the linear 
regression of the total heart beats (HBLim) vs TLim from multiple exhaustive work bouts at 
various power outputs. There is some evidence (Bergstrom et al. 2014; Bergstrom et al. 
2015) that the decreases in work rate required to maintain HR at CHR results in more 
sustainable intensities than those anchored by power output, and also elicits a metabolic 
stimulus within the recommended range (Bergstrom et al. 2014, Bergstrom et al. 2015, 
Mielke et al. 2011). Specifically, exercise at or just below (minus 5 b·min-1) CHR was 
sustained ~47 to 60 min with metabolic responses maintained (72 – 88% V̇O2max) within 
the desired ranges for improving cardiorespiratory fitness (Bergstrom et al. 2015). Thus, 
the CHR model, based on physiological responses, may provide a more sustainable 
intensity than CP and a more individualized CE exercise prescription than those based on 
percentages of max or reserve. Furthermore, although the heavy and severe domains are 
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well defined by specific physiological and perceptual responses (Dinyer et al. 2019; 
Bergstrom et al. 2020; Bergstrom et al. 2013a; Bull et al. 2000; Poole 1988; Brickley et al. 
2002; Darabi et al. 2009; Hill et al. 1999; Dekerle et al. 2003; Gaesser et al. 1996) for 
constant power output exercise, the typical responses within these intensity domains are 
less clear when exercise is anchored by the physiological parameters (HR and V̇O2) used 
to derive the current intensity recommendations for improving CE. Currently, the 
physiological and perceptual responses to exercise anchored by V̇O2 are still unknown, as 
no previous studies have been designed to explore this question. Thus, comparisons of 
exercise anchored by power output to those anchored by HR and V̇O2 are warranted to 
further elucidate the typical patterns of responses for exercise at constant power output 
versus a constant physiological parameter. Therefore, the purposes of this study are to 1) 
determine if there are differences in the sustainability of exercise when anchored by a 
physiological parameter (HR and V̇O2) versus a power output; 2) examine the time course 
of changes in cardiovascular, metabolic, neuromuscular and perceptual responses during 
exercise anchored by HR, V̇O2, and power output; and 3) determine if the CHR can be used 
for exercise prescription based on time to exhaustion, physiological, and perceptual 
responses during constant HR exercise.  It is hypothesized that 1) exercise anchored by a 
metabolic intensity (HR and V̇O2) will be more sustainable than exercise anchored by 
power output, and that exercise anchored by V̇O2 will be more sustainable than exercise 
anchored by HR; 2) trials anchored by HR will result in an increase of perception of effort 
and RR, decreases in power output, V̇O2, EMG AMP, MMG MPF, and no change in EMG 
MPF or MMG AMP; trials anchored by V̇O2 will result in an increase of perception of 
effort, HR, and RR, decreases in power output, EMG AMP, and MMG MPF, and no change 
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in EMG MPF, or MMG AMP; and trials anchored by power output will result in an increase 
in perception of effort, RR, V̇O2, HR, EMG AMP, decreases in EMG MPF, and no change 
in MMG AMP or MMG MPF; and 3) CHR will provide an individualized exercise 
intensity that can be used for CE training. 
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CHAPTER 2. REVIEW OF LITERATURE 
2.1 Historical Perspective of the Critical Power Model 
Monod & Scherrer 1965 
The purpose of this study was to examine the relationship between the total amount 
of work (WLim) performed and the time to exhaustion (TLim) during static and dynamic 
muscular work to develop the critical torque (CT) and critical power (CP) model. The WLim 
was the product of the TLim and power output (P) (WLim = P TLim) for 3 separate trials at 
different intensities. The authors noted the linear relationship between WLim and TLim and 
developed the equation, WLim = a + b TLim, where b is the slope of the WLim vs TLim 
relationship and represents the critical power. Additionally, a, the y-intercept, was defined 
as the anaerobic work capacity (AWC). The authors concluded that CP represented the 
highest power output that could be maintained for an extended period of time without 
fatigue, and AWC represented the amount of work that could be performed using only 
stored energy reserves. The authors noted that “exhaustion could not occur” (p. 332) at a 
power output below the critical power. Lastly, the authors used this linear relationship to 




Moritani et al. 1981 
In this study, the authors aimed to determine if the linear relationship of total work 
(WLim) and time to exhaustion (TLim) (WLim = a + b TLim) developed by Monod & Scherrer 
could be extended it to a whole body exercise in cycle ergometry. Additionally, the authors 
compared CP to the anaerobic threshold (AT) and the maximal rate of oxygen consumption 
(V̇O2max). To do this, they had 8 male and 8 female subjects, aged 18 – 33 years old, perform 
a graded exercise test to exhaustion, followed by 3 constant power output trials to 
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exhaustion. For each trial, the (WLim)was determined from the WLim = P TLim relationship, 
and then plotted vs TLim. The results indicated a highly linear relationship between WLim 
and TLim (r = 0.982 – 0.998), as well as strong correlations between V̇O2 at CP and V̇O2max 
(r = 0.919), and V̇O2 at CP and V̇O2 at AT (r = 0.927). The authors concluded that the CP 
model described by Monod and Scherrer was applicable to cycle ergometry, and that CP 
was dependent on oxygen supply due to the high correlation with ?̇?O2max and AT. 
Additionally, the authors were able to predict ?̇?O2max based on CP and AWC (V̇O2max = 
0.0075  [(CP or b) + a] + 0.114). Finally, the authors developed an equation to estimate 





The articles outlined in this section provided a historical background behind the critical 
power (CP) concept and provided evidence of a highly linear relationship between WLim 
and TLim for intermittent, static, dynamic, and whole body exercise (Monod & Scherrer 
1965, Moritani et al. 1981). This relationship can be described by the equation WLim = a + 
b TLim where the slope, b, and the y-intercept, a, represent the CP and anaerobic work 
capacity (AWC), respectively (Monod & Scherrer 1965). Critical power represents the 
highest power output that can be maintained for an extended period of time without fatigue, 
is dependent on oxygen supply, and is highly correlated with the AT and V̇O2max (Moritani 
et al. 1981). Anaerobic work capacity represents the highest work that can be performed 
using only stored energy sources within the working muscle, and is independent of oxygen 
supply. Lastly, from the CP model, the time to exhaustion (TLim) can be predicted for any 
exercise at a power output above CP using the equation TLim = 
𝐴𝑊𝐶
𝑃−𝐶𝑃
 (Moritani et al. 1981).  
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2.2 Modifications and Applications of the Critical Power Model 
Bull et al. 2000 
 The purposes of this study were to examine the effects of using 5 different 
mathematical models on estimates of CP, and determine the time to exhaustion at the 
lowest CP estimate. Nine males (25  3 years) completed an incremental test to exhaustion 
to determine peak power (PP), V̇O2peak and HRpeak. The time to exhaustion (TLim) was 
recorded for 5 or 6 constant power trials (PP – 130W to PP + 50W) and used for the 
estimates of CP.  The five mathematical models used to estimate CP consisted of the linear 
total work model (Linear-TW), the linear power model (Linear-P), the two-parameter 
nonlinear model (Nonlinear-2), the three-parameter nonlinear model (Nonlinear-3), and the 
exponential model (EXP). The linear-TW model was derived from the linear relationship 
between the total work and the time to exhaustion (W = (CP  t) + AWC). The linear-P 
model was derived by using the relationship W = P t, and substituting P  t  for W and then 
solving for power in the linear-TW equation (P = (AWC  t-1) + CP). The nonlinear-2 model 
was based on the nonlinear, hyperbolic relationship between P and t, and was derived by 
solving the linear-P equation for t (t = AWC  (P – CP)-1). The nonlinear-3 model is the 
same as the nonlinear-2 except for an additional parameter, the maximal instantaneous 
power (Pmax), which removes the assumption that as time approaches zero there is an 
infinite power. Therefore, Pmax anchors the model at the y-intercept when plotting power 
on the y-axis and time on the x-axis (t = (AWC  (P – CP)-1)+ (AWC  (Pmax – CP)
-1)). 
Lastly, the exponential model was similar to the nonlinear-3 model, but added a time 
constant () to also account for overcome the assumption that power is infinite at early 
timepoints (P = CP + (Pmax – CP)exp(-t/)). The subjects then performed 2 trials at the 
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lowest CP estimate for 60 min or until exhaustion. The results indicated that the nonlinear-
3 (180  26 W) provided the lowest estimate of CP. During the rides at CP, only 2 of the 9 
subjects were unable to complete 60 mins for both trials, and 1 subject completed 60 mins 
at the first trial at CP only. The 7 who did complete the 60 mins had a mean HR of 166  
10 bmin-1 (93  5% HRpeak) and 165  12 bmin
-1 (91  5% HRpeak) for the first and second 
trials at CP, respectively. The mean HR for the subjects who did not complete the 60 mins 
were 175  5 bmin-1 (96  1% HRpeak) for trial one, and 175  7 bmin
-1 (97  6% HRpeak) 
for trial 2. The RPE values for the subjects that completed the 60 mins at CP were 19  1 
and 17  3, respectively. The RPE values for the subjects who did not complete the 60 mins 
were 19  1 for both trials 1 and 2. The authors concluded that CP does not represent a 
“fatigueless task” due to the fact that most models overestimate CP and 22-33% of the 
subjects could not complete 60 mins at CP.  
Hughson et al. 1984 
 The purpose of this study was to apply the critical power mathematical model 
(power output versus the inverse of time) for cycle ergometry to treadmill running to 
determine the critical velocity (CV). Additionally, the authors examined the correlation of 
predicted vs actual time for a 10,000m track race. Six university cross-country runners (19 
- 22 years) completed an incremental test at constant speed (16 kmhr-1) with increasing 
grade every minute to determine ?̇?O2max. The subjects then performed 6 constant velocity 
runs (19.2 – 22.4 kmhr-1) to exhaustion. During the constant velocity runs, the subjects 
were fitted with a safety harness to ensure that they could go to fatigue without injury. 
Lastly, the subjects completed a 10,000m track race (32min 16 sec – 36 min 16 sec). The 
velocity vs the inverse of time to exhaustion resulted in high linear relationship (r = 0.979 
11 
 
– 0.997). The critical velocity and V̇O2max (r = 0.84; p < 0.05), as well as the actual vs 
predicted times to exhaustion (r = 0.67; p < 0.05) were significantly correlated. The authors 
concluded that the power-time relationship from cycle ergometry could be applied to 
treadmill running. It was also concluded that CV was the treadmill equivalent of CP and 
the anaerobic running capacity (ARC) was the equivalent of the AWC from the equation V 
= (ARCt-1) + CV. 
Vanhatalo et al. 2007 
 The purpose of this study was to determine if critical power (CP) could be 
determined from a 3-min all-out cycling test. The 3-min all-out test consists of a maximal 
effort on a cycle ergometer against a resistance equal to halfway between V̇O2peak and the 
gas exchange threshold. The authors hypothesized that the average power output during 
the last 30 seconds of the 3-min test, or end power (EP), would be similar to CP. 
Additionally, the work done above EP (WEP) was hypothesized to be analogous to the 
anaerobic work capacity (AWC). Ten subjects (33  9 years) completed an incremental 
ramp protocol to determine V̇O2peak (4.18  0.66 Lmin-1). Subsequent visits consisted of a 
familiarization trial for the 3-min all-out test, which was not included in analysis, a 3-min 
all-out test for analysis, and 5 constant power trials to exhaustion to determine CP and 
AWC from the multiple work bout models. The CP and AWC were determined using the 
work (W)-time (t) model (W = (CP  t) + AWC) and the power-inverse time model (P = 
(AWC  t-1) + CP). The results indicated that EP (287  55 W) was not significantly 
different and was highly correlated with CP (287  56 W; p = 0.37, r = 0.99). Additionally, 
the WEP (15.0  4.7 kJ) did not significantly differ and was highly correlated with the 
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AWC (16.0  3.8 kJ); p = 0.35, r = 0.84). Based on these results, the authors concluded 
that CP could be estimated from a single work bout test. 
Mielke et al. 2011 
 The purpose of this study was to determine if the mathematical model used to 
determine CP could be applied to a physiological parameter such as heart rate (HR) to 
estimate the critical heart rate (CHR). Additionally, the authors compared the HR values 
at the ventilatory threshold (VTHR), the respiratory compensation point (RCPHR), and CP 
(CPHR) to determine what intensity domain CHR was located in. Fifteen women (21.7  
2.1 years) completed a graded exercise test to exhaustion to determine V̇O2peak, VTHR, and 
RCPHR. The subjects then performed 4 constant power trials to exhaustion where the 5 
second average HR and time to exhaustion were recorded to determine CHR and CP. The 
CP was determined from the linear regression of total work and time to exhaustion for each 
constant power trial. The HR at CP was determined by using the linear regression of the 
HR values from the graded exercise test vs power output. Similarly, VTHR and RCPHR were 
determined from the linear regression of HR values from the graded exercise test vs V̇O2. 
Critical heart rate was determined from the linear regression of the total heart beats vs time 
to exhaustion relationship at each power output. The results indicated that CHR (172  11 
bmin-1) was similar to RCPHR (172  9 bmin
-1), but was higher than CPHR (154  10 bmin
-
1) and VTHR (152  12 bmin
-1). The authors concluded that the CP model could be used to 
estimate CHR, and that CHR was similar to RCP and demarcated the heavy from severe 




 The articles outlined in this section provided information about modifications of 
the CP model, including the use of 5 different mathematical models (Bull et al. 2000) as 
well as the estimation of CP from an all-out test (Vanhatalo et al. 2007). Bull et al. (2000) 
examined the effects of 5 different mathematical models on estimates of CP and determined 
that most models overestimated a sustainable power output. The nonlinear-3 model, 
however, provided the lowest estimate of CP and most of the subjects (7 out of 9 subjects) 
were able to maintain at least 60 min of exercise at that power output (Bull et al. 2000). 
Thus, the non-linear model has been suggested to provide more accurate estimates of CP 
as the highest sustainable power output, than 2-parameter linear and non-linear models. 
One limitation of the CP test, however, was the requirement of 4 constant power trials to 
exhaustion to provide an estimate of CP. Vanhatalo et al. (2007) examined a new method 
of determining CP from a 3-minute all-out test and reported that CP estimates were similar 
to that of CP estimates using a 4-work bout model. Thus, the results of these studies 
provided evidence there are differences in estimates of CP based on the mathematical 
model selected and indicated it may be possible to estimate CP from an all-out test of 3-
min.  
The CP model has also been applied to other variables such as heart rate (HR) 
(Mielke et al. 2011) and modes of exercise (Hughson et al. 1984) to give estimates of the 
critical heart rate (CHR) and critical velocity (CV), respectively. Mielke et al. (2011) 
successfully applied the CP model to HR and found that CHR represented a similar HR to 
that of the respiratory compensation point. It was concluded that CHR represented a 
demarcation of the heavy and severe exercise intensity domains (Mielke et al. 2011). In 
addition, Hughson et al. (1984) applied the CP model to treadmill running and found that 
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predicted finishing times were correlated to actual finishing times for a 10,000m race. 
Therefore, it was concluded that the same mathematical model used to derive CP could be 
applied to treadmill running to estimate CV.  
2.3 Physiological Responses during Exercise at Critical Power 
Poole et al. 1988 
The purpose of this study was to determine the factors involved in the continual 
rise in V̇O2 during exercise above CP. Eight males (22  1 years) completed a graded 
exercise test to determine V̇O2max (3.81  0.22 Lmin-1) and the lactate threshold (Lac) 
(1.72  0.08 Lmin-1). The critical power was determined from 5 constant power trials to 
exhaustion using the linear regression of power vs the inverse of time to exhaustion (P = 
(AWCt-1) + CP). Lastly, subjects completed a trial at CP and a separate trial at CP + 5% 
of the peak power achieved during the graded exercise test. The trials at and above CP were 
maintained for 24 minutes or until fatigue occurred. The trials at CP displayed a rapid 
increase with the onset of exercise and displayed a slow component until steady state V̇O2 
was achieved (79.4%  3.1% V̇O2max). However, the trials above CP did not reach steady 
state values and the V̇O2 at fatigue was not different from V̇O2max (97.1%  5.9%). Blood 
[lac] (5.6  0.9 mML-1) and [HCO3
-] increased but reached a steady state during trials at 
CP, but [lac] (11.3  1.4 mML-1) and [HCO3
-] increased progressively throughout rides 
above CP and did not reach steady state. Blood [pyr] was similar for both trials at and 
above CP. V̇E rapidly increased followed by a plateau for both trials at and above CP. Rectal 
temperature increased in both trials at (0.81C  0.16C) and above (0.98C  0.30C) CP, 
but this increase was not significantly different from baseline (37.25C  0.35C). [NE] 
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and [E] increased during both trials with [NE] having a more substantial increase, and a 
more drastic increase above CP than at CP. The authors concluded that the slow component 
of V̇O2 correlated with the change of blood [lac] over time, and therefore, concluded that 
this mechanism was responsible for the V̇O2 kinetics during high intensity exercise.  
Brickley et al. 2002 
 The purpose of this study was to examine the physiological responses and the time 
to exhaustion during exercise at the critical power. Seven trained cyclists (23.4  3.1 years) 
completed a graded exercise test to determine V̇O2max (4.6  0.7 Lmin-1), followed by 3 
exhaustive trials at 95%, 100%, and 120% peak power to determine CP. Lastly, subjects 
completed a trial to exhaustion at their individually determined CP. Time to exhaustion 
during the CP rides ranged from 20 min 1 sec – 40 min 37 sec. The V̇O2 and blood lactate 
responses, which were measured every 5 minutes, significantly increased from 3.7  0.6 
Lmin-1 to 4.1  0.5 Lmin-1 and from 4.3  1.8 mM to 6.5  2.0 mM, respectively, from 
the beginning to the end of the ride at CP. Heart rate also significantly increased from 118 
 24 bmin-1 at the beginning to 177   5 bmin-1 at the end of the ride. Based on these 
significant results, the authors concluded that CP did not represent an intensity that could 
be sustained for an extended period of time with physiological variables reaching steady 
state. 
Bergstrom et al. 2013 
 The purpose of this study was to examine physiological (V̇O2 and heart rate [HR]) 
and perceptual response (RPE) as well as time to exhaustion (TLim) at critical power (CP) 
determined from a single work bout estimate of critical power from the 3-minute all-out 
test. The 3-minute all-out test requires subjects to provide a maximal effort on a cycle 
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ergometer at a resistance equal to the linear factor calculated from a graded exercise test, 
where the critical power is estimated as the average power output during the final 30 
seconds of the test. 18 subjects (23.6  3.5 years) completed a graded exercise test to 
determine V̇O2peak (42.5  7.1 mLkg-1min-1), a 3 minute all out test to determine CP (189 
 45 W), and a trial to exhaustion at CP (12.5  6.5 min) all on separate days. CP was 
determined to be 80  6% of the maximal power output from the graded exercise test. The 
V̇O2, HR, and RPE values all significantly increased during trials at CP. As a result, the 
authors concluded that CP determined from the 3-minute all-out test overestimated a 
sustainable power output and was not an accurate estimate of the power output that could 
be maintained for an extended period of time without fatigue. 
Hill et al. 1999 
 The purpose of this study was to compare the time to achieve V̇O2max (TTmax) using 
the hyperbolic critical power model, as well as to compare the critical velocity to the 
highest velocity that can be sustained without achieving V̇O2max. Critical velocity represents 
the critical power model adapted for treadmill running as opposed to cycle ergometry. 
Twelve subjects (33  7) performed a graded exercise test to establish V̇O2max (3.39  0.93 
Lmin-1) and the velocity associated with V̇O2max (270  23 mmin-1). This was followed by 
5 exhaustive trials at 95%, 100%, 105%, and 110% of the velocity associated with V̇O2max. 
The CV was determined to be 238  24 mmin-1 and represented 88% of the velocity 
associated with V̇O2max. Additionally, the highest velocity that can be sustained without 
achieving V̇O2max (239  25 mmin-1) was not statistically different from the CV (p = 0.56). 
The authors concluded that CV or CP should represent the highest velocity or power output 
that elicits a steady state for physiological parameters such as V̇O2, among others. 
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Pepper et al. 1991 
 The purpose of this study was to examine the accuracy with which the critical 
velocity model predicted time to exhaustion during treadmill running. Ten males (23  2 
years) completed 10 separate trials to exhaustion. The first visit was a graded exercise test, 
followed by a 4 work bout determination of critical velocity (12.88 – 21.74 kmhr-1). The 
time to exhaustion was predicted using the equation TL = ARC/(v – CV), where TL is the 
time to exhaustion, ARC is the anaerobic running capacity, v is the running velocity, and 
CV is the critical velocity. The ARC and CV are the treadmill analogs to AWC and CP 
from cycle ergometry, respectively. The accuracy of the predicted times to exhaustion were 
determined by measuring the actual times to exhaustion at 70% (predicted TLim = 60 min; 
actual TLim = 60 min), 85% (60 min; 55.12  10.29 min), 100% (60 min; 16.43  6.08 min), 
115% (7.18  3.00 min; 7.16  2.84 min), and 130% (3.15  1.34 min; 3.43  1.40 min) of 
CV. There were statistically significant differences between the predicted and actual times 
to exhaustion at 100% and 130% CV (p < 0.05). Due to the fact that the predicted time to 
exhaustion was overestimated for velocities above CV, the authors concluded that the 
prediction equation was not a valid measure of time to exhaustion at or above CV. 
Bull et al. 2008 
 The purpose of this study was to compare the physiological responses (V̇O2 and 
heart rate [HR]) at 5 estimates of critical velocity determined using different mathematical 
models. The models included 2 linear models, 2 nonlinear models, and 1 exponential 
model. The first linear model was the total distance linear model based on the relationship 
between total distance and time to exhaustion (TD = ARC + CV  t). The second linear 
model was described as the inverse time model, given by the equation V = ARC  (1/t) + 
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CV. The first nonlinear model, also called the two-parameter nonlinear model was derived 
from the hyperbolic relationship between velocity and time to exhaustion (t = ARC/(V – 
CV)). The second nonlinear model introduces a third parameter into the first nonlinear 
model, where there is an upper limit on the instantaneous velocity which can be achieved 
(Vmax). This results in the equation t = [ARC/(V – CV)] – [ARC/(Vmax – CV)]. Lastly, an 
exponential equation was developed using the Vmax as well as a time constant,  (V = CV 
+ (Vmax – CV)expt(-t/)). Ten subjects (22  2 years) completed a maximal graded exercise 
test to determine V̇O2max (51  6 mLkg-1min-1) and HRmax. (195  7 bmin-1) followed by 
4 or 5 constant velocity runs to determine CV using the different mathematical models. 
The subjects then completed trials to exhaustion at CV determined from each model. The 
three-parameter nonlinear model provided a significantly lower estimate of CV than the 
other models (p < 0.05). Consequently, the times to exhaustion from the three-parameter 
nonlinear model were significantly greater than the other models (51.7  12.9 min). The 
HR responses from the three-parameter nonlinear trial (179  18 bmin-1) were significantly 
less than the HRmax determined from the graded exercise test. Additionally, V̇O2 values 
were significantly less for all models when compared to V̇O2max. However, it was noted 
that after the third minute of exercise, there was a gradual drift in the V̇O2 indicating a slow 
component where V̇O2 eventually reached V̇O2max. Based on these results, the authors 
concluded that the majority of estimates of CV did not represent an intensity that could be 
maintained for an extended period of time without fatigue. 
Summary 
 Several studies (Bull et al. 2008, Bergstrom et al. 2013, Brickley et al. 2002, Poole 
et al. 1988) have examined the physiological responses to exercise at critical power (CP) 
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and critical velocity (CV). It has been shown that during exercise at CP or CV, there is a 
V̇O2 slow component that may (Bull et al. 2008) or may not (Poole et al. 1988) reach V̇O2 
peak. In addition, continuous increases in HR, blood lactate, and RPE have been reported 
(Bergstrom et al. 2013). The majority of these studies (Bergstrom et al. 2013, Bull et al. 
2008, Pepper et al. 1991, Brickley et al. 2002) have indicated that CP or CV does not 
represent an intensity that can be sustained for an extended period of time without fatigue 
due to the fact that V̇O2, HR, blood lactate, and RPE do not reach steady state values 
(Bergstrom et al. 20013, Poole et al. 1988, Brickley et al. 2002). These specific responses 
at CP have been attributed to the overestimation of the CP by the mathematical model used 
(Bull et al. 2008). Bull et al. (2008) demonstrated that the 3-parameter nonlinear model 
provided a significantly lower estimate of CP, which represented a more sustainable 
intensity compared to the estimates from other models. Moreover, depending on the 
mathematical model used, these physiological responses may reach steady state values and 
therefore would represent a sustainable intensity.  
2.4 Physiological Responses during Constant Heart Rate Exercise 
Kinderman et al. 1979 
 The purpose of this study was to examine the physiological response during 
constant heart rate (HR) vs constant velocity treadmill runs that were associated with the 
anaerobic threshold (AT). Seven cross country skiers (20.9  1.7 years) performed an 
incremental test to exhaustion where blood lactate, heart rate (HR), and oxygen 
consumption (V̇O2) were recorded. The AT was defined as the point where blood lactated 
reached 4 mmolL-1. Treadmill speed, oxygen consumption, and HR associated with the 
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AT were determined by linear regression. The subjects then performed a 30 min constant 
HR trial at the HR associated with the AT, and a 30 min constant velocity trial at the 
velocity associated with the AT. The maximal values of V̇O2, HR and blood lactate were 
determined to be 64.6 mLkg-1min-1, 192.0 bmin-1, and 11.08 mmolL-1, respectively. The 
velocity associated with AT was 84% peak velocity and the HR associated with AT was 
174 bmin-1. During the constant HR trial, the treadmill velocity had to be continually 
decreased, and the V̇O2 and blood lactate levels decreased accordingly. During the constant 
velocity trials, the HR values increased slightly, and the blood lactate concentration did not 
change. The authors therefore concluded that in order to maintain constant HR associated 
with the anaerobic threshold, velocity must be decreased. Additionally, the authors suggest 
using the HR associated with the AT as a useful training intensity.  
Mielke 2009 (Dissertation) 
 The purposes of this study were to apply the critical power (CP) model to heart rate 
(HR), compare the critical heart rate (CHR) to HR at CP (CPHR), ventilatory threshold 
(VTHR), and respiratory compensation point (RCPHR), and examine the V̇O2, RPE, 
electromyographic (EMG) and mechanomyographic (MMG) responses to 1 hour 
continuous rides at CHR, CHR + 5 bmin-1 (CHR + 5), and CHR – 5 bmin-1 (CHR – 5). 
Ten women (21.4  2.5 years) completed an incremental test to exhaustion to determine 
V̇O2peak, HRpeak, VTHR, and RCPHR (174  10 bmin-1). The CHR (175  11 bmin-1) was 
determined from 4 constant power trials to exhaustion using the linear regression of the 
total heart beat vs time to exhaustion relationship. The subjects then performed 3 trials at 
CHR (37.2  20.3 min), CHR + 5 (23.9  16.6 min) and CHR – 5 (51.6  16.8 min) with 
EMG AMP, EMG MPF, MMG AMP, MMG MPF, V̇O2, RPE, and HR recorded. The 
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results from the constant HR rides indicated that power and V̇O2 decreased throughout the 
rides, while RPE increased. EMG AMP decreased but EMG MPF increased for each trial. 
MMG AMP increased at CHR and CHR – 5 but did not change at CHR + 5. The MMG 
MPF did not change at CHR and CHR – 5 but increased at CHR + 5. The authors concluded 
that since none of the trials lasted longer than 60 mins, CHR, CHR + 5, and CHR - 5 were 
fatiguing tasks.  
Bergstrom 2014 (Dissertation) 
 The purposes of this study were to apply the critical heart rate (CHR) model to 
treadmill running, and examine the time to exhaustion, V̇O2, rating of perceived exertion 
(RPE), electromyographic amplitude (EMG AMP) and mean power frequency (EMG 
MPF) during runs to exhaustion at CHR, CHR + 5 bmin-1 (CHR + 5), and CHR – 5 bmin-
1 (CHR – 5). Thirteen subjects (23  3 years) completed an incremental test to exhaustion 
to determine the gas exchange threshold, V̇O2peak, RPEpeak, HRpeak, EMG AMPpeak, and 
EMG MPFpeak. Heart rate was then measured every 5 seconds during 4 constant velocity 
runs to exhaustion. The CHR was determined using the linear regression of the total heart 
beats vs time to exhaustion relationship. The subjects then performed 3 constant HR runs 
at CHR – 5 (171  8 bmin-1), CHR (175  8 bmin-1), and CHR + 5 (178  6 bmin-1) with 
?̇?O2, RPE, HR, EMG AMP, EMG MPF, and time to exhaustion recorded. The mean time 
to exhaustion for the CHR – 5, CHR, and CHR + 5 were 56.97  1.23 min, 48.37  11.04 
min, and 20.11  16.08 min, respectively. The mean percent change from when CHR – 5 
was achieved to exhaustion for V̇O2, velocity, RPE, EMG AMP, and EMG MPF were -14 
 7 %, -23  4 %, 11  21 %, -12  12 %, and 5  14 %, respectively. The polynomial 
regression indicated a quadratic decrease in velocity and V̇O2, quadratic increase in RPE, 
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linear decrease in EMG AMP, and linear increase in EMG MPF. The percent change from 
the when CHR was achieved to exhaustion for V̇O2, velocity, RPE, EMG AMP, and EMG 
MPF were -14  6 %, -23  6 %, 25  21 %, 14  31 %, and -2  19 %, respectively. The 
polynomial regression analyses indicated quadratic decreases in velocity and V̇O2, linear 
increases in RPE and EMG AMP, and no change in EMG MPF. Lastly, the percent change 
from when CHR + 5 was achieved to exhaustion for V̇O2, velocity, RPE, EMG AMP, and 
EMG MPF were -9  10 %, -16  10 %, 19  17 %, -2  13 %, and -7  15 %. The 
polynomial regression analyses showed quadratic decrease in velocity and EMG AMP, a 
linear decrease in V̇O2 and EMG MPF, and linear increase in RPE. The authors concluded 
that the CHR model could be applied to treadmill running, and that HR values at or below 
CHR could be sustained for 30 to 60 mins, but treadmill running above CHR did not reflect 
a sustainable intensity. 
Bergstrom et al. 2015 
 This study examined the physiological, perceptual (RPE), and electromyographic 
(EMG) responses as well as the time to exhaustion at the critical heart rate (CHR) plus 5 
bmin-1 (CHR + 5), and CHR minus 5 bmin-1 (CHR – 5), and determined which variables 
reflect exhaustion during constant heart rate exercise. Eight recreational runners (24  3 
years) performed an incremental test to exhaustion to determine the gas exchange threshold 
(GET), respiratory compensation point (RCP), V̇O2 peak, velocity associated with vV̇O2peak 
as well as peak values for heart rate (HRpeak), minute ventilation (V̇Epeak), breathing 
frequency (𝑓bpeak), EMG amplitude (AMPpeak), and EMG mean power frequency 
(MPFpeak). Heart rate was recorded during 4 constant velocity runs to exhaustion. Critical 
heart rate was determined using the linear regression of the total heart beats vs time to 
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exhaustion relationship. The subjects then performed randomly ordered trials at CHR + 5 
and CHR – 5 and RPE, HR, velocity, V̇O2, V̇E, fb, EMG AMP, and EMG MPF responses 
were recorded. The mean CHR – 5 and CHR + 5 were 167  6 (88  3 % HRpeak) and 177 
 6 bmin-1 (94  4 % of HRpeak), respectively. During the CHR – 5 run, time to exhaustion 
was 57.17  1.25 min. The mean percent change from when CHR – 5 was reached to the 
end of the run for RPE, velocity, V̇O2, V̇E, fb, EMG AMP, and EMG MPF were 9  23 %, 
-23  4 %, -12  6 %, -18  6 %, 16  16 %, -10  14 %, and 5  10 %, respectively. The 
V̇O2 at exhaustion (34.00  4.31 mLkg-1 min-1) was significantly less than the V̇O2peak 
(46.11  5.65 mLkg-1 min-1) (p < 0.001). Polynomial regression analysis showed a 
quadratic increase in RPE and fb, a linear increase in EMG MPF, a quadratic decrease in 
velocity, V̇O2, and V̇E, and a linear decrease in EMG AMP. During the CHR + 5 run, the 
time to exhaustion was 21.68  16.43 min. The mean percent change from when CHR + 5 
was reached to exhaustion for RPE, velocity, V̇O2, V̇E, fb, EMG AMP, and EMG MPF were 
18  5 %, -17  11 %, -8  10 %, -10  17 %, 12  18 %, -3  13 %, and -6  16 %, 
respectively. The V̇O2 at exhaustion (39.98  mLkg-1min-1) was significantly less than 
V̇O2peak (p < 0.01). Polynomial regression analysis showed a linear increase in RPE, a 
quadratic increase in fb, a quadratic decrease in velocity, V̇O2, V̇E, and EMG AMP, and no 
change in EMG MPF. Based on these results, the authors concluded that the association of 
fb and RPE indicated perceptual responses were most likely due to mechanical and 
metabolic feedback via muscle afferents resulting in fatigue. However, the author’s noted 




 Exercise intensities that are anchored by the physiological parameter heart rate 
(HR) elicit different responses to continuous exercise than those anchored by a power 
output or velocity. The studies in this section (Bergstrom 2014, 2015, Mielke 2009) 
demonstrated that at constant HR, V̇O2 decreased throughout the trial both on a treadmill 
(Bergstrom 2014, 2015) and on a cycle ergometer (Mielke 2009). Similarly, other studies 
(Kinderman et al. 1979, Bergstrom 2014, 2015, Mielke 2009) demonstrated that to 
maintain a constant HR, the power output or the velocity must be decreased. Bergstrom 
(2014, 2015) and Mielke (2009) have shown that EMG AMP decreased in trials at, above 
and below the critical heart rate, and that EMG MPF increased at all 3 intensities. 
Additionally, the RPE was shown to increase during all trials at CHR. It was noted 
(Bergstrom et al. 2015) that RPE was the most consistent indicator of fatigue. However, it 
was concluded (Bergstrom et al. 2015) that breathing frequency was a likely mechanism 
underlying the perception of effort during constant HR exercise due to mechanical and 
metabolic sensory feedback via muscle afferents.  
 
2.5 Metabolic and Neuromuscular Responses Across Exercise Intensity Domains 
Gaesser and Poole 1996 
 The purpose of this paper was to describe the V̇O2 slow component and to 
characterize V̇O2 responses within different exercise intensity domains. The V̇O2 slow 
component was defined as the excess V̇O2 response during exercise intensities above the 
lactate threshold after the 3rd minute of exercise. The V̇O2 would either plateau within 20 
mins or continue to rise until V̇O2max, depending on the exercise intensity domain. The 
authors defined three exercise intensity domains (moderate, heavy, and severe) that elicit 
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different V̇O2 and blood lactate responses. The moderate exercise intensity domain was 
described as the intensity below the lactate threshold that results in an increase in V̇O2 that 
achieves a steady state within ~3 min. The boundaries of the heavy exercise intensity 
domain were described to occur between the lowest intensity where blood lactate 
concentration increased (above resting levels) and was maintained at an elevated steady 
state, and the highest intensity where increased blood lactate concentration reached a steady 
state level. Additionally, the heavy exercise intensity domain was defined by the 
appearance of a V̇O2 slow component and a delayed steady state response. Finally, the 
severe exercise intensity domain was defined as intensities where V̇O2 and blood lactate do 
not stabilize and reach maximum values at exhaustion. It was concluded that the V̇O2 slow 
component was localized to the exercising limbs where electromyographic (EMG) data 
pointed to increased muscle activation (motor unit recruitment and/ or firing rate) during 
heavy and severe exercise. The change in muscle activation may reflect fatigue within less 
efficient type II muscle fibers. The authors concluded that the V̇O2 slow component may 
also be caused by differences in the mitochondrial content in type I vs type IIa and IIx 
muscle fibers.  
Bergstrom et al. 2012 
 The purpose of this study was to examine the metabolic and electromyographic 
(EMG) responses during continuous exercise at critical power (CP). Nine males (23.7  
3.3 years) completed an incremental test to exhaustion to determine V̇O2peak, the gas 
exchange threshold (GET), and the respiratory compensation point (RCP). The subjects 
then completed a 3-min all-out test (3MT) to determine critical power (CP). The subjects 
performed a ride to exhaustion at the determined CP (212  36W) with V̇O2, time to 
26 
 
exhaustion (TLim), EMG amplitude (AMP) and mean power frequency (MPF) recorded. 
The results indicated there was no significant difference in V̇O2 at exhaustion and V̇O2peak. 
The results also indicated there was a significant increase in EMG AMP during the ride to 
exhaustion. However, there was no significant change in EMG MPF over time. The authors 
concluded that the mechanisms of fatigue that caused the increase in V̇O2, and EMG AMP 
was different than that of EMG MPF. The authors also concluded that their findings were 
consistent with others; which found that heavy and severe exercise results in increased 
motor unit activation and decreases in action potential conduction velocity due to an 
accumulation of metabolic byproducts. 
Bergstrom et al. 2013 
 The purpose of this study was to examine the metabolic and mechanomyographic 
(MMG) response during continuous exercise at critical power (CP). Nine females (23.0  
3.6 years) completed an incremental test to exhaustion to determine V̇O2peak and the gas 
exchange threshold (GET). The subjects then completed a 3-min all-out test (3MT) to 
estimate CP. Lastly, the subjects completed an exhaustive ride at CP (81  6% peak power) 
and recorded V̇O2, heart rate (HR), time to exhaustion (TLim), MMG amplitude (AMP), and 
mean power frequency (MPF). The results indicated significant increases in V̇O2 and HR 
over time, and the end V̇O2 and HR were not different from their peak values determine 
from the incremental test. Additionally, there was no significant change for MMG AMP or 
MMG MPF over time. The authors concluded the non significant change in MMG AMP 
and MMG MPF were a result of muscular wisdom and fatigue induced changes in the 
muscle. 
Cochrane et al. 2015 
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 The purpose of this study was to examine the changes in electromyographic (EMG) 
amplitude (AMP) and mean power frequency (MPF), mechanomyographic (MMG) AMP 
and MPF, as well as the V̇O2, respiratory exchange ratio (RER), and power output (PO) 
responses during a 1-hour ride at a constant rating of perceived exertion (RPE). Ten 
subjects (21.1  2.1 years) performed an incremental test to exhaustion to determine the 
gas exchange threshold (GET), V̇O2peak, RPEpeak, POpeak, EMG AMPpeak, EMG MPFpeak, 
MMG AMPpeak, and MMG MPFpeak. The subjects then completed 4 submaximal trials at 
65% - 80% POpeak to determine the physical working capacity at the RPE threshold 
(PWCRPE) which represents the highest power output where there is no increase in RPE 
over time. The RPE for each trial was plotted as a function of time to exhaustion to derive 
the slope coefficients. The PWCRPE was defined as the y-intercept of the slope coefficients 
vs. power output relationship. Following the determination of the PWCRPE, the subjects 
completed a 1-hour trial at the RPE associated with the PWCRPE and V̇O2, RER, PO, EMG 
AMP, EMG MPF, MMG AMP, and MMG MPF were recorded. During the trial, the PO 
was continually adjusted to maintain the designated RPE. The mean normalized EMG 
AMP, EMG MPF, MMG AMP, and MMG MPF values at 10 min and 60 min of the 1-hour 
ride were 51  17% and 48  26% EMG AMPpeak, 118  17% and 121  21% EMG 
MPFpeak, 67  15% and 71  11% MMG AMPpeak, and 122  45% and 114  39% MMG 
MPFpeak, respectively. There were significant, negative, quadratic relationships for mean, 
normalized PO, V̇O2, and RER vs time for the 1-hour ride. There were also significant, 
negative, linear relationships for mean, normalized EMG AMP and MMG MPF vs time. 
Lastly, there were no changes over time for the mean, normalized EMG MPF or MMG 
AMP. The authors noted that EMG AMP and MMG MPF mirrored decreases in V̇O2, RER, 
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and PO, and EMG MPF and MMG AMP mirrored RPE. The authors concluded that the 
decreases in EMG AMP and MMG MPF were a result of the decreased motor unit 
recruitment and firing rate. Ultimately, the authors concluded that during constant RPE 
exercise, motor unit de-recruitment and mechanical changes within the muscle alter the 
perception of effort due to group III and IV afferent feedback.  
Summary 
 The articles in this section described the typical electromyographic (EMG) and 
mechanomyographic (MMG) responses during constant power (Bergstrom 2012, 
Bergstrom 2013) exercise in the heavy and severe intensity domains, as well as EMG and 
MMG responses when exercise was anchored by ratings of perceived exertion (RPE). 
During constant power exercise in the heavy and severe exercise intensity domains 
(Gaesser and Poole 1996), it has been reported (Bergstrom 2012, 2013) that EMG AMP 
increased over time, while EMG MPF, MMG AMP, and MMG MPF did not change. 
However, when exercise was anchored by a perceptual response instead of a power output, 
the EMG and MMG response followed a different trend. Cochrane et al. (2015) 
demonstrated that EMG AMP and MMG MPF decreased as the power output decreased to 
maintain the RPE, and consequently the V̇O2 and RER decreased. Additionally, the EMG 
MPF and MMG AMP did not change. The decreases in the EMG AMP and MMG MPF 
were attributed to decreases in motor unit activation and firing rate as the power output was 
decreased to maintain RPE. It was hypothesized the mechanism of fatigue underlying 




CHAPTER 3. METHODS 
3.1 Subjects 
Six moderately trained subjects aged 18 – 35 years completed this study. 
Moderately trained was defined as completing 30 mins of physical activity a day for 5 days 
a week on most weeks for the past 6 months (Riebe et al. 2018). The subjects were screened 
for cardiovascular, pulmonary, metabolic, muscular and/or coronary heart disease. The 
subjects were instructed to abstain from caffeine consumption 4 hours prior to testing and 
refrain from exercise 24 hours prior to testing. The study was approved by the University 
Institutional Review Board for Human Subjects and all subjects signed a written informed 
consent document before testing.  
3.2 Experimental Design 
This study included 8 visits, with each visit separated by at least 24 hours. On visit 
one, the subject signed an informed consent, filled out a health history questionnaire, and 
completed a graded exercise test to exhaustion on a cycle ergometer to determine peak 
oxygen consumption (V̇O2peak), maximal HR (HRmax), maximal respiration rate (RRmax), 
peak power output (PPO), and the power at V̇O2peak (pV̇O2peak). During visits two through 
five, HR and V̇O2 was measured during four, randomly ordered, continuous rides to 
exhaustion at 85%, 90%, 95%, and 100% of pV̇O2peak. The mathematical model used to 
determine the critical power (CP) was applied to derive the critical heart rate (CHR). Linear 
regression of HR versus power and HR versus V̇O2 was used to determine the power output 
associated with CHR (PCHR) and the V̇O2 at CHR (V̇O2CHR), respectively. Visits six 
through eight consisted of three randomly ordered trials to exhaustion at CHR, PCHR, and 
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V̇O2CHR. During each of the trials at CHR, PCHR, and V̇O2CHR, RPE, HR, power output, 
?̇?O2, %SmO2, RR, RPE, EMG AMP, MMG AMP, EMG MPF and MMG MPF responses 
were examined.  
3.3 Electromyographic and Mechanomyographic Measurements 
 The EMG signals were measured from the vastus lateralis (VL) on the right leg 
during the GXT and the tests at CHR, PCHR, and V̇O2CHR. Prior to electrode placement, 
the skin was shaved with a disposable razor, abraded with sandpaper, and then cleaned 
with isopropyl alcohol. A bipolar electrode (circular 24 mm, Kendall disposable EMG 
electrodes, Covidien LTD; Gosport Hampshire, UK) arrangement (30 mm interelectrode 
distance) was placed according to the SENIAM Project for EMG electrode placement 
recommendations (Hermens 1999). A reference line was drawn one third the distance 
between the lateral superior border of the patella and the anterior superior iliac spine. The 
electrode site was located 5 cm lateral to the reference line to ensure the electrodes were 
over the VL muscle (Malek et al. 2006). Lastly, a goniometer (Smith and Nephew Rolyan, 
Inc., Menomonee Falls, WI) was used to position the EMG electrode at a 20 angle to the 
reference line to approximate the pennation angle of the VL muscle fiber (Abe et al. 2000). 
The EMG signal was collected using a wired signal (MP150, Biopac Systems, Inc., Santa 
Barbara, CA) and amplified (gain: 2000X) using differential amplifiers (EMG 150, Biopac 
Systems, Inc., Santa Barbara, CA, bandwidth = 10-500 Hz). The MMG signals were 
recorded using an accelerometer (Model: EGAS-S704-10_Rev C, Measurement 
Specialties, France, gain 200X; bandwidth 0 - 200 Hz, dimensions: 1.0 x 1.0 x 0.5 cm, 
mass 1.0g sensitivity 10 mV g-1) placed on the VL between the EMG electrodes using 
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double sided adhesive tape. The signal was analyzed from the sensitive axis of the 
accelerometer positioned perpendicular to the skin surface. The alternative sensitive axis 
was positioned along the longitudinal axis of the muscle.  
3.3.1 Signal Processing 
 The raw EMG and MMG signals were digitized at 2000 Hz and stored in a personal 
computer for analysis and processed with a custom program written in LabVIEW 
programming software (version 7.1, National Instruments, Austin, TX). The EMG and 
MMG signals were bandpass-filtered (fourth-order Butterworth) at 5 – 100 Hz for MMG 
and 10 – 500 Hz for EMG. The EMG and MMG AMP (root mean squared Vrms, ms-2) 
and EMG and MMG MPF (Hz) values were calculated. For the MPF analysis, each data 
segment will be processed with a Hamming window and a discrete Fourier transform 
(DFT) algorithm. The MPF was selected to represent the power spectrum based on the 
recommendations of Diemont et al. (1998) and Hermens (1999) and was calculated as 
described by Kwatny et al. (1970). 
3.4 Muscle Oxygenation Measurements 
 The NIRs (MOXY, Fortiori Design LLC, Hutchinson, MN) device was placed on 
the vastus lateralis (VL) of the left thigh using SENIAM guidelines, approximately one 
third the distance between the lateral superior border of the patella and the anterior superior 
iliac spine. Prior to placement, the skin was shaved with a disposable razor, abraded with 
sandpaper, and then cleaned with isopropyl alcohol. The MOXY uses four wavelengths of 
NIR light at 680, 720, 760, and 800 nm, and the sensor contains a single LED and two 
detectors placed 12.5 and 25.0 mm from the source. The %SmO2 was continuously 
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measured during all trials to exhaustion. During each session, the system was connected to 
a personal computer using the manufacturer’s software program (Peripedal ©) to provide 
a graphic display of the data. Data was acquired at 2 Hz and obtained from the sensor’s 
internal memory. Data was extracted from the Moxy device using the Moxy PC application 
(http://www.moxymonitor.com/settings-app). 
3.5 Determination of V̇O2peak and Ventilatory Threshold 
The subjects performed a GXT to exhaustion on a calibrated cycle ergometer (Lode, 
Corival, Groningen, Netherlands) to determine the V̇O2peak, HRmax, RRmax, and pV̇O2peak. 
The subject was fitted with a nose clip, mouthpiece mounted to a headset (2700; Hans 
Rudolph, Kansas City, Missori, USA), heart rate monitor (Polar Heart Watch system, Polar 
Electro Inc., Lake Success, New York, USA), and respiration rate monitor/ECG monitor 
(Bionomadix, Biopac Systems, Santa Barbara, Ca). The ergometer seat height was adjusted 
so the subject’s leg was near full extension at the bottom of the pedal revolution. Expired 
gas samples were collected and analyzed using a calibrated TrueMax 2400 metabolic cart 
(Parvo Medics, Sandy, UT). Prior to testing, the gas analyzers were calibrated to room air 
and gases of known concentration. The EMG and MMG signals were recorded throughout 
the test and were expressed as 10-s averages. The oxygen (O2) and carbon dioxide (CO2) 
parameters were expressed as 20-s averages (Robergs et al. 2010). The HR was recorded 
continuously and expressed as 5 second averages. Each subject was asked to give a rating 
of perceived exertion during the last 10 s of each minute using the Borg 6-20 RPE scale 
(Borg 1970). The test began at 50 W at a pedal cadence of 70 rev·min-1, and the power 
output was increased by 30 W every two minutes, until the subject could no longer maintain 
the 70 rev·min-1 cadence.  The V̇O2peak, HRmax and RRmax were defined as the highest 20-s 
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average V̇O2, HR and RR value, respectively, recorded during the test. Following 
completion of the test, the subject performed a cool down on the cycle ergometer for a self-
determined period of time. The Ventilatory Threshold (VT) was determined using the V-
slope method, where the VT was defined as the power output associated with V̇O2 
corresponding to the point of intersection of two, separately derived regression lines of the 
V̇E versus V̇O2 plot. 
3.6 Determination of CP, CHR, PCHR, and V̇O2CHR 
The CHR was determined from four, randomly ordered constant power output rides 
to exhaustion at 85%, 90%, 95% and 100% pV̇O2peak. The cycle ergometer was set-up for 
each subject as previously described and the subject was fitted with a Polar Heart Rate 
monitor, respiration rate/ECG monitor, EMG electrodes and MMG accelerometer. The 
RPE, HR, V̇O2, RR, and %SmO2, were measured as previously described. The rides were 
performed to exhaustion at 70 rev·min-1, and the power outputs were selected so that the 
time to exhaustion (Tlim) ranged between 3 to 15 minutes. The power outputs were 
performed in a randomized order. The HR values were taken every 5 seconds (HRavg). The 
total number of heart beats (HBLim) during each of the rides to exhaustion were calculated 
as the product of TLim (min) and HRavg (b·min
-1) (Mielke et al. 2011). The HBLim for each 
trial was plotted against TLim. The slope coefficient of the of the regression of HBLim versus 
TLim relationship was defined as the CHR. Similarly, the CP was defined as the slope 
coefficient of the regression of the total work done during each constant power trial versus 
TLim relationship. The PCHR was determined using the linear regression equation of the 
HR vs power output relationship to find the power output associated with CHR. Similarly, 
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the V̇O2CHR was determined using the linear regression equation of the HR vs V̇O2 
relationship to find the V̇O2 associated with CHR. 
3.7 Continuous Rides to Exhaustion at CHR, PCHR, and V̇O2CHR 
 The EMG and MMG AMP and MPF, RPE, HR, V̇O2, RR, %SmO2, power output, 
and time to exhaustion (TLim) were examined during continuous rides at CHR, PCHR, and 
V̇O2CHR. Prior to testing, the EMG electrodes and MMG accelerometer were placed as 
previously described. The subjects completed a five-minute warm-up at 50 W on the cycle 
ergometer. After one min of passive rest, the power was increased to the PCHR or to elicit 
the HR or V̇O2 values at the CHR and V̇O2CHR, respectively. If the CHR or V̇O2CHR were 
not achieved within 5 min, the power output was gradually increased to elicit the designated 
threshold. The cadence was maintained at 70 revmin-1 and the test was terminated when 
the subject was unable to maintain the designated cadence for 10 sec despite verbal 
encouragement. The V̇O2, HR, RR, and power output were recorded as 20 sec averages. 
The %SmO2 was recorded every 2 sec and expressed as 20 sec averages. The RPE values 
were taken every minute. The EMG and MMG signals were recorded as continuous 10 sec 
epochs. The time spent in each exercise intensity domain was calculated as the sum of the 
time that the power output which corresponded to severe (>CP), heavy (<CP, >VT), and 
moderate (<VT). 
3.8 Statistical Analyses 
 The composite responses for each variable (TLim, RPE, HR, power output, ?̇?O2, 
RR, %SmO2, EMG AMP, EMG MPF, MMG AMP, and MMG MPF) at exhaustion for 
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CHR, PCHR, ?̇?O2CHR was normalized as a percentage of the peak value from the GXT. 
Since each subject had a different time to exhaustion, time was normalized as a percentage 
TLim and 10 data points (10, 20, 30, 40, 50, 60, 70, 80, 90, 100%) were used for all analyses. 
The time to reach the CHR and V̇O2CHR, as well as the first 2-3 min of the PCHR trial 
were omitted from the analyses to account for the neuromuscular and metabolic kinetic 
response at the beginning of exercise. The composite and individual relationships for the 
normalized RPE, HR, power output, V̇O2, RR, %SmO2, EMG AMP, EMG MPF, MMG 
AMP, and MMG MPF versus normalized time were examined using polynomial regression 
models (linear and quadratic). All statistical analyses were performed using the Statistical 






Figure 1. An example of the determination of the ventilatory threshold (VT) for one 
subject. The VT was defined as the breakpoint in the V̇E versus V̇O2 relationship from the 






























Figure 2. An example of the mathematical model used to determine critical power (CP) for 
one subject. The CP was defined as the slope of the linear regression between the total 
work (WLim) and the time to exhaustion (TLim).  
  



















Figure 3. An example of the mathematical model used to determine the critical heart rate 
(CHR) for one subject. The CHR was defined as the slope of the linear relationship between 
the total number of heartbeats (HBLim) and time to exhaustion (TLim). 
  

























Figure 4. An example of the method used to derive the V̇O2 associated with the critical 
heart rate (V̇O2CHR). The V̇O2CHR was defined as the V̇O2 value corresponding to the 
critical heart rate from the HR versus V̇O2 relationship during the graded exercise test.  
  






























Figure 5. An example of the method used to derive the power output associated with the 
critical heart rate (PCHR). The PCHR was defined as the power output corresponding to 
the critical heart rate from the HR versus power output relationship during the graded 
exercise test. 
  




















CHAPTER 4. RESULTS 
4.1 Graded Exercise Test and Constant Power Trials 
 The mean  SD and range of peak values for each variable (VT, V̇O2peak, HRpeak, 
RRpeak, pV̇O2peak, RPEpeak, EMG AMPpeak, EMG MPFpeak, MMG AMPpeak, MMG MPFpeak,) 
from the incremental test are included in Table 1. The TLim and power outputs for the 
constant power out trials used to determine CHR, PCHR, and V̇O2CHR ranged from 2.68 
to 9.50 min and the r2 values for the HBLim versus TLim relationship ranged from 0.9946 – 
0.9995, respectively. The mean CHR, PCHR, and V̇O2CHR occurred at 170.39  9.14 
bmin-1, 198.51  70.47 W, and 31.55  7.85 mLkg-1min-1, respectively and represented a 
mean of 91  0.05%, 75  0.11%, and 81  0.10% of their respective peak values from the 
GXT (Table 1). 
4.2 CHR Trial 
CHR (n=6) 
 During the CHR trial, the subjects reached the selected HR within 3.31 – 7.63 min 
(5.14  1.78 min) and the TLim was 46.28  18.49 min (Table 3). The mean percent changes 
(%∆) from the time CHR was reached to the end of the trial for V̇O2, RR, power output, 
RPE, %SmO2, EMG AMP, EMG MPF, MMG AMP, and MMG MPF ranged from -4 – -
38%, -12 – 36%, -16 – -44%, 6 – 45%, -5 – 86%, -50 – 4%, -1 – 25%, -8 – 39%, and -4 – 
26%, respectively (Table 3). In addition, the subjects (n=6) rode for an average of 5.12  
3.12 min in the severe intensity domain, 19.47  16.30 min in the heavy intensity domain, 
and 26.95  28.12 min in the moderate intensity domain (Table 4). Individual data for the 
42 
 
time spent in each intensity domain are also listed in Table 4. The metabolic efficiency at 
the beginning and end of the trial are listed in Table 3. The results of the polynomial 
regression for the composite response during the continuous rides at CHR indicated that 
there were quadratic decreases in V̇O2 and power output, a quadratic increase in RR, linear 
increases in RPE and %SmO2, and no relationship in HR (Table 5). In addition, there was 
a linear decrease in EMG AMP, quadratic increase in EMG MPF, and linear increases in 
MMG AMP and MPF (Table 6). 
 The polynomial regression analyses for the individual responses at CHR indicated 
linear (n=4) or quadratic (n=2) decreases in V̇O2, linear (n=3) or quadratic (n=3) decreases 
in power output, and linear (n=3) or quadratic (n=3) increases in RPE. For %SmO2 there 
was a quadratic increase (n=4), linear increase (n=1) or no relationship (n=1). In addition, 
for EMG AMP there was a linear decrease (n=3), quadratic decrease (n=1), or no 
relationship (n=2). For EMG MPF, there was a linear increase (n=3), quadratic decrease 
(n=1) or quadratic increase (n=2). For MMG AMP, there was a linear increase (n=2), 
quadratic increase (n=1) or no relationship (n=3). Lastly, for MMG MPF, there was a 
quadratic increase (n=2) or no relationship (n=4).  
4.3 V̇O2CHR Trial 
V̇O2CHR (n=6) 
 During the V̇O2CHR trial, the subjects reached the selected V̇O2 within 2.7 – 7.62 
min (5.09  1.62 min) and the TLim was 28.93  24.41 min (Table 7). The mean percent 
changes (%∆) from the time V̇O2CHR was reached to the end of the trial for HR, RR, power 
output, RPE, %SmO2, EMG AMP, EMG MPF, MMG AMP, and MMG MPF ranged from 
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5 – 14%, 7 – 125%, -7 – -23%, 18 – 150%, -16 – 30%, -12 – 5%, 2 – 16%, -14 – 117%, 
and -6 – 8%, respectively (Table 7). In addition, the subjects (n=6) rode for 8.36  8.22 
min in the severe intensity domain, 15.61  22.33 min in the heavy intensity domain, and 
8.80  21.39 min in the moderate intensity domain (Table 8). Individual data for the time 
spent in each intensity domain are also listed in Table 8. The metabolic efficiency at the 
beginning and end of the trial are listed in Table 7. The results of the polynomial regression 
for the composite response during the continuous rides at V̇O2CHR indicated that there was 
a linear decrease in V̇O2, linear increases in HR, RR, and %SmO2, quadratic decrease in 
power output, and a quadratic increase in RPE (Table 9). In addition, there was no 
relationship in EMG AMP and MMG AMP and MPF, and linear increases in EMG MPF 
(Table 10).  
 The polynomial regression analyses for the individual responses at V̇O2CHR 
indicated linear (n=3) or quadratic (n=3) increases in HR, linear (n=2) or quadratic (n=4) 
decreases in power output, linear increases (n=4) or no relationship (n=2) in RR and linear 
(n=3) or quadratic (n=3) increases in RPE. For %SmO2 there was a linear decrease (n=1), 
linear increase (n=2), quadratic decrease (n=2) or quadratic increase (n=1). In addition, for 
EMG AMP there was a linear increase (n=1), quadratic decrease (n=1), quadratic increase 
(n=1), or no relationship (n=3). For EMG MPF, there was a linear increase (n=3), quadratic 
increase (n=2), or no relationship (n=1). For MMG AMP, there was a linear increase (n=1), 
quadratic decrease (n=2), or no relationship (n=3). Lastly, for MMG MPF, there was a 




4.4 PCHR Trial 
PCHR (n=6) 
 During the PCHR trial, the selected power output was applied immediately and to 
account for the initial cardiac adjustment to exercise the first 2 min were removed from the 
analyses, and the TLim was 20.88  21.39 min (Table 11). The mean percent changes (%∆) 
from the start of time at the PCHR to the end of the trial for V̇O2, HR, RR, RPE, %SmO2, 
EMG AMP, EMG MPF, MMG AMP, and MMG MPF ranged from 8 – 27%, 16 – 37%, 
59 – 175%, 18 – 100%, -25 – 6%, 5 – 64%, -10 – 8%, 8 – 32%, and -26 – 96%, respectively 
(Table 11). In addition, the subjects rode for 7.37  8.49 min in the severe intensity domain 
(n=4), 15.37  22.63 min in the heavy intensity domain (n=2), or 0.33  0.21 min in the 
moderate intensity domain during the initial power adjustment (n=6). (Table 12). 
Individual data for the time spent in each intensity domain are also listed in Table 12. The 
metabolic efficiency at the beginning and end of the trial are listed in Table 11. The results 
of the polynomial regression for the composite response during the continuous rides at 
PCHR indicated that there were quadratic increases in V̇O2, HR, and RPE, linear decreases 
in %SmO2, linear increases in RR, and no change in power output. In addition, there was 
a linear increase in EMG AMP, a quadratic decrease in EMG MPF, linear decrease in 
MMG MPF and no relationship in MMG AMP. 
 The polynomial regression analyses for the individual responses at PCHR indicated 
linear (n=2) or quadratic increases (n=4) in V̇O2, quadratic increases (n=6) in HR, linear 
(n=3) or quadratic (n=3) increases in RR, and linear (n=4) or quadratic (n=2) increases in 
RPE. For %SmO2 there was a linear decrease (n=1), quadratic decrease (n=3), quadratic 
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increase (n=1) or no relationship (n=1) (Table 13). In addition, for EMG AMP there was a 
linear increase (n=4), quadratic increase (n=1) or no relationship (n=1). For EMG MPF, 
there was a linear decrease (n=1), quadratic increase (n=1), or no relationship (n=4). For 
MMG AMP, there was a linear decrease (n=2), linear increase (n=1), quadratic increase 
(n=1), or no relationship (n=2). Lastly, for MMG MPF, there was a linear increase (n=1), 




Table 1. Individual, mean and SD of peak metabolic and perceptual variables recorded 


















2 37.75 187 61.19 260 20 140 190 
3 31.88 182 62.31 200 19 110 122 
4 31.17 186 46.69 200 19 110 156 
5 52.36 195 53.48 380 20 170 282 
6 42.92 179 44.30 290 19 170 219 
7 37.92 194 49.30 230 19 140 164 
Average 39.00 187 52.88 260 19.33 140 189 
SD 7.86 6 7.53 68 0.52 27 56 
Peak oxygen consumption rate (V̇O2peak), maximal heart rate (HRmax), maximal respiration 




Table 2. Individual, mean and SD of the threshold derived from the constant power output 








%V̇O2peak %HRmax %Peak Power 
2 171 182 29.32 78 91 70 
3 159 127 23.69 74 88 64 
4 180 170 28.7 92 97 85 
5 182 310 43.35 83 93 82 
6 168 256 38.96 91 94 88 
7 162 146 25.29 67 84 63 
Average 170 199 31.55 81 91 75 
SD 9 70 7.85 10 5 11 
Critical heart rate (CHR), the power output associated with CHR (PCHR), the V̇O2 




Table 3. Individual, mean and SD of the time to achieve critical heart rate (CHR), time to 
exhaustion at CHR, the average HR throughout the trial, the metabolic efficiency at the 




















2 3.66 60.00 170.00 0.16 0.20 -40 
3 4.30 60.00 159.00 0.17 0.23 -30 
4 6.97 13.66 179.00 0.16 0.18 -16 
5 7.63 46.67 180.00 0.13 0.14 -44 
6 3.31 37.35 166.00 0.15 0.15 -34 
7 4.98 60.00 162.00 0.18 0.20 -34 
Average 5.14 46.28 169.33 0.16 0.18 -33 
SD 1.78 18.49 8.71 0.02 0.03 -10 




Table 4. Individual, mean and SD time spent in each exercise intensity domain at critical 








2 3.96 19.47 39.60 
3 4.29 1.65 58.08 
4 7.92 12.54 0.33 
5 8.58 45.54 0.00 
6 5.94 30.69 5.94 
7 0.00 6.93 57.75 
Average 5.12 19.47 26.95 
SD 3.12 16.30 28.12 
Above critical power (CP) = severe intensity domain; below CP but greater than ventilatory 




Table 5. Individual and composite polynomial regression of the physiological and 
perceptual responses at critical heart rate (CHR) 
Subject V̇O2   HR   RR   
 Trend p Corr Trend p Corr
 Trend p Corr 
2 Linear 0.010 0.538 NS - - Linear 0.018 0.481 
3 Quad 0.002 0.722 Quad 0.011 0.620 NS - - 
4 Linear 0.042 0.385 Linear 0.013 0.517 NS - - 
5 Quad 0.035 0.927 NS - - Quad 0.003 0.683 
6 Linear 0.001 0.727 NS - - Quad 0.000 0.882 
7 Linear 0.023 0.455 NS - - NS - - 
Comp Quad 0.002 0.976 NS - - Quad 0.020 0.590 
Oxygen consumption rate (V̇O2), heart rate (HR), respiration rate (RR), power output 
(power), rating of perceived exertion (RPE), muscle oxygenation saturation (%SmO2), 
pattern of response (Trend), linear relationship (linear), quadratic relationship (Quad), no 






Table 6. Continued Individual and composite polynomial regression of the physiological 
and perceptual responses at critical heart rate (CHR) 
Subject Power   RPE   %SmO2 
  
 Trend p Corr Trend p Corr Trend p Corr 
2 Linear 0.001 0.737 Quad 0.003 0.949 NS - - 
3 Quad 0.002 0.848 Linear 0.000 0.925 Quad 0.000 0.997 
4 Quad 0.028 0.791 Linear 0.018 0.481 Quad 0.014 0.922 
5 Quad 0.003 0.916 Quad 0.000 0.882 Quad 0.007 0.823 
6 Linear 0.002 0.684 Linear 0.000 0.891 Quad 0.002 0.890 
7 Linear 0.000 0.660 Quad 0.010 0.817 Linear 0.010 0.570 
Comp Quad 0.010 0.900 Linear 0.000 0.960 Linear 0.000 0.940 
Oxygen consumption rate (V̇O2), heart rate (HR), respiration rate (RR), power output 
(power), rating of perceived exertion (RPE), muscle oxygenation saturation (%SmO2), 
pattern of response (Trend), linear relationship (linear), quadratic relationship (Quad), no 











  EMG 
MPF 
  MMG 
AMP 
  MMG 
MPF 
  
 Trend p Corr Trend p Corr Trend p Corr Trend p Corr 
2 NS - - Linear 0.000 0.921 NS - - NS - - 
3 Linear 0.000 0.814 Quad 0.000 0.900 Quad 0.046 0.910 NS - - 
4 Quad 0.020 0.683 Linear 0.002 0.709 NS - - NS - - 
5 Linear 0.000 0.953 Quad 0.001 0.994 Linear 0.000 0.847 Quad 0.012 0.758 
6 Linear 0.000 0.814 Linear 0.000 0.942 NS - - Quad 0.004 0.822 
7 NS - - Quad 0.000 0.892 NS - - NS - - 
Comp Linear 0.000 0.935 Quad 0.000 0.986 Linear 0.000 0.921 Quad 0.020 0.739 
Electromyographic amplitude (EMG AMP), electromyographic mean power frequency (EMG MPF), mechanomyographic amplitude 
(MMG AMP), mechanomyographic mean power frequency (MMG MPF), pattern of response (Trend), linear relationship (linear), 







Figure 6. Results of the composite polynomial regression analyses of physiological and 
perceptual responses during the trial at critical heart rate (CHR). Red/Orange Line = Heart 
Rate; Gray Line = Respiration Rate, Yellow Line = Power Output, Green Line = %SmO2, 























Figure 7. Results of the composite polynomial regression analyses of the neuromuscular 
responses during the trial at critical heart rate (CHR). Orange/Red = EMG MPF, Gray = 





















Table 8. Individual, mean and SD of the time to achieve the V̇O2 associated with critical 
heart rate (V̇O2CHR), time to exhaustion at V̇O2CHR, the average V̇O2 throughout the trial, 















2 4.32 60.00 28.49 0.16 0.20 -17 
3 5.63 18.34 23.12 0.16 0.19 -11 
4 4.99 8.66 27.37 0.17 0.18 -10 
5 7.62 9.01 42.15 0.14 0.13 -7 
6 5.29 17.57 38.00 0.16 0.19 -23 
7 2.70 60.00 25.40 0.18 0.17 -14 
Average 5.09 28.93 30.76 0.16 0.18 -14 
SD 1.62 24.41 7.56 0.01 0.03 6 
Average rate of oxygen consumption (V̇O2) maintained throughout the trial at the V̇O2 




Table 9. Individual, mean and SD of the time spent in each exercise intensity domain at the 








2 0.00 63.03 0.00 
3 21.78 0.00 0.33 
4 9.9 3.96 0 
5 11.88 4.95 0.00 
6 6.6 14.52 0.00 
7 0.00 10.23 52.47 
Average 8.36 15.61 8.80 
SD 8.22 22.33 21.39 
Above critical power (CP) = severe intensity domain; below CP but greater than ventilatory 





Table 10. Individual and composite polynomial regression of the physiological and 
perceptual responses at the V̇O2 associated with critical heart rate (V̇O2CHR). 
Subject V̇O2   HR   RR   
 Trend p Corr Trend p Corr Trend p Corr 
2 NS - - Linear 0.003 0.646 Linear 0.000 0.878 
3 NS - - Quad 0.024 0.888 Linear 0.000 0.912 
4 Quad 0.043 0.640 Linear 0.000 0.766 NS - - 
5 Linear 0.000 0.833 Quad 0.043 0.628 Linear 0.000 0.770 
6 NS - - Quad 0.013 0.947 Linear 0.000 0.856 
7 Quad 0.039 0.604 Linear 0.000 0.510 NS - - 
Comp Linear 0.006 0.580 Linear 0.000 0.860 Linear 0.000 0.940 
Oxygen consumption rate (V̇O2), heart rate (HR), respiration rate (RR), power output 
(power), rating of perceived exertion (RPE), muscle oxygenation saturation (%SmO2), 
pattern of response (Trend), linear relationship (Linear), quadratic relationship (Quad), no 






Table 11. Continued individual and composite polynomial regression of the physiological 
and perceptual responses at the V̇O2 associated with critical heart rate (V̇O2CHR). 
Subject Power   RPE   %SmO2 
  
 Trend p Corr Trend p Corr trend p Corr 
2 Quad 0.001 0.921 Quad 0.000 0.973 Quad 0.000 0.942 
3 Quad 0.000 0.893 Linear 0.000 0.952 Linear 0.000 0.871 
4 Quad 0.001 0.782 Linear 0.039 0.393 Linear 0.003 0.650 
5 Quad 0.000 0.812 Linear 0.030 0.425 Quad 0.033 0.839 
6 Linear 0.014 0.504 Quad 0.000 0.883 Quad 0.000 0.972 
7 Linear 0.000 0.930 Quad 0.020 0.949 Linear 0.020 0.460 
Comp Quad 0.000 0.810 Quad 0.010 0.964 Linear 0.040 0.390 
Oxygen consumption rate (V̇O2), heart rate (HR), respiration rate (RR), power output 
(power), rating of perceived exertion (RPE), muscle oxygenation saturation (%SmO2), 
pattern of response (Trend), linear relationship (Linear), quadratic relationship (Quad), no 






Table 12. Individual and composite polynomial regression of the neuromuscular responses at the V̇O2 associated with critical heart rate 
(V̇O2CHR). 
Subject EMG AMP   EMG MPF   MMG AMP   MMG MPF   
 Trend p Corr Trend p Corr Trend p Corr Trend p Corr 
2 Quad 0.010 0.796 Linear 0.000 0.970 Linear 0.002 0.713 Linear 0.027 0.479 
3 NS - - NS - - NS - - NS - - 
4 NS - - Linear 0.002 0.716 Quad 0.012 0.627 NS - - 
5 Quad 0.002 0.771 Quad 0.001 0.876 Quad 0.021 0.694 Quad 0.004 0.785 
6 NS - - Linear 0.000 0.845 NS - - NS - - 
7 Linear 0.020 0.500 Quad 0.01 0.80 NS - - NS - - 
Comp NS - - Linear 0.00 1.00 NS - - NS - - 
Electromyographic amplitude (EMG AMP), electromyographic mean power frequency (EMG MPF), mechanomyographic amplitude 
(MMG AMP), mechanomyographic mean power frequency (MMG MPF), pattern of response (Trend), linear relationship (linear), 








Figure 8. Results of the composite polynomial regression analyses of physiological and 
perceptual responses during the trial at the V̇O2 associated with critical heart rate 
(V̇O2CHR). Red/Orange Line = Heart Rate; Gray Line = Respiration Rate, Yellow Line = 

























Figure 9. Results of the composite polynomial regression analyses of the neuromuscular 
responses during the trial at the V̇O2 associated with critical heart rate (V̇O2CHR). 





















Table 13. Individual, mean and SD of the time to exhaustion at the power output associated 
with critical heart rate (PCHR), the average power output throughout the trial, and the 














2 --- 28.53 182.00 0.16 0.20 --- 
3 --- 21.83 127.00 0.17 0.18 --- 
4 --- 6.28 169.00 0.13 0.16 --- 
5 --- 10.29 310.00 0.12 0.16 --- 
6 --- 5.97 256.00 0.12 0.15 --- 
7 --- 62.67 146.00 0.16 0.19 --- 
Average --- 22.60 198.33 0.14 0.17 --- 
SD --- 21.61 70.36 0.02 0.02 --- 




Table 14. Individual, mean and SD of the time spent in each exercise intensity domain at 








2 0.00 28.21 0.33 
3 21.78 0.00 0.33 
4 5.94 0.33 0.33 
5 10.23 0.33 0.00 
6 5.28 0.33 0.66 
7 0.00 62.04 0.33 
Average 7.21 15.21 0.33 
SD 8.13 25.53 0.21 
Above critical power (CP) = severe intensity domain; below CP but greater than ventilatory 





Table 15. Individual and composite polynomial regression of the physiological and 
perceptual responses at the power output associated with critical heart rate (PCHR). 
Subject V̇O2   HR   RR   
 Trend p Corr Trend p Corr Trend p Corr 
2 Linear 0.000 0.806 Quad 0.001 0.725 Linear 0.000 0.930 
3 Quad 0.045 0.418 Quad 0.000 0.974 Linear 0.000 0.911 
4 Linear 0.000 0.914 Quad 0.015 0.984 Linear 0.000 0.909 
5 Quad 0.007 0.965 Quad 0.001 0.983 Quad 0.000 0.980 
6 Quad 0.046 0.865 Quad 0.004 0.988 Quad 0.046 0.865 
7 Linear 0.025 0.444 Quad 0.000 0.830 Quad 0.040 0.600 
Comp Quad 0.004 0.839 Quad 0.000 0.960 Linear 0.000 0.990 
Oxygen consumption rate (V̇O2), heart rate (HR), respiration rate (RR), power output 
(power), rating of perceived exertion (RPE), muscle oxygenation saturation (%SmO2), 
pattern of response (Trend), linear relationship (linear), quadratic relationship (Quad), no 





Table 16. Continued individual and composite polynomial regression of the physiological 
and perceptual responses at the power output associated with critical heart rate (PCHR). 
Subject Power   RPE   %SmO2 
  
 Trend p Corr Trend p Corr Trend p Corr 
2 NS - - Linear 0.000 0.955 Quad 0.023 0.963 
3 NS - - Quad 0.011 0.996 Quad 0.012 0.680 
4 NS - - Linear 0.000 0.903 Quad 0.021 0.725 
5 NS - - Linear 0.000 0.985 Quad 0.018 0.701 
6 NS - - Linear 0.000 0.950 Linear 0.000 0.757 
7 NS - - Quad 0.000 0.959 NS - - 
Comp NS - - Quad 0.000 0.996 Linear 0.000 0.720 
Oxygen consumption rate (V̇O2), heart rate (HR), respiration rate (RR), power output 
(power), rating of perceived exertion (RPE), muscle oxygenation saturation (%SmO2), 
pattern of response (Trend), linear relationship (linear), quadratic relationship (Quad), no 







Table 17. Individual and composite polynomial regression of the neuromuscular responses at the power output associated with critical 
heart rate (PCHR). 
Subject EMG AMP   EMG MPF   MMG AMP   MMG MPF   
 Trend p Corr Trend p Corr Trend p Corr Trend p Corr 
2 Linear 0.000 0.848 NS - - NS - - Quad 0.025 0.539 
3 Quad 0.002 0.939 NS - - NS - - NS - - 
4 NS - - NS - - Linear 0.025 0.485 Linear 0.000 0.927 
5 Linear 0.000 0.834 Linear 0.011 0.576 Linear 0.018 0.524 Linear 0.000 0.931 
6 Linear 0.021 0.506 NS - - Linear 0.003 0.691 NS - - 
7 Linear 0.000 1.000 Quad 0.000 1.000 Quad 0.024 0.800 NS - - 
Comp Linear 0.020 0.500 Quad 0.010 0.700 NS - - Linear 0.014 0.547 
Electromyographic amplitude (EMG AMP), electromyographic mean power frequency (EMG MPF), mechanomyographic amplitude 
(MMG AMP), mechanomyographic mean power frequency (MMG MPF), pattern of response (Trend), linear relationship (linear), 







Figure 10. Results of the composite polynomial regression analyses of physiological and 
perceptual responses during the trial at the power output associated with critical heart rate 
(PCHR). Red/Orange Line = Heart Rate; Gray Line = Respiration Rate, Yellow Line = 

























Figure 11. Results of the composite polynomial regression analyses of the neuromuscular 
responses during the trial at the power output associated with critical heart rate (PCHR). 



























Figure 12. Results of the power output versus time to exhaustion during trials at critical 
heart rate, V̇O2 associated with critical heart rate, and the power output associated with 
critical heart rate for Subject 2 including the time to reach each threshold. Orange/Red Line 
= Critical power, Green Line = Ventilatory threshold, Purple Line = Critical heart rate, 
Yellow Line = V̇O2 associated with critical heart rate, Blue Line = Power output associated 



























Figure 13. Results of the individual polynomial regression analyses of the V̇O2 response at 
critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power output 
associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. Yellow 

























Figure 14. Results of the individual polynomial regression analyses of the heart rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. 



















Figure 15. Results of the individual polynomial regression analyses of the respiration rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. 





















Figure 16. Results of the individual polynomial regression analyses of the power output 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. 

























Figure 17. Results of the individual polynomial regression analyses of the rating of 
perceived exertion response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 2. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 






















Figure 18. Results of the individual polynomial regression analyses of the muscle 
oxygenation response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 2. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 























Figure 19. Results of the individual polynomial regression analyses of the EMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. 

























Figure 20. Results of the individual polynomial regression analyses of the EMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. 































Figure 21. Results of the individual polynomial regression analyses of the MMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. 





























Figure 22. Results of the individual polynomial regression analyses of the MMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 2. 






























Figure 23. Results of the power output versus time to exhaustion during trials at critical 
heart rate, V̇O2 associated with critical heart rate, and the power output associated with 
critical heart rate for Subject 3 including the time to reach each threshold. Orange/Red Line 
= Critical power, Green Line = Ventilatory threshold, Purple Line = Critical heart rate, 
Yellow Line = V̇O2 associated with critical heart rate, Blue Line = Power output associated 




























Figure 24. Results of the individual polynomial regression analyses of the V̇O2 response at 
critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power output 
associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. Yellow 























Figure 25. Results of the individual polynomial regression analyses of the heart rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. 

























Figure 26. Results of the individual polynomial regression analyses of the respiration rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. 
























Figure 27. Results of the individual polynomial regression analyses of the power output 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. 


























Figure 28. Results of the individual polynomial regression analyses of the rating of 
perceived exertion response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 3. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 






















Figure 29. Results of the individual polynomial regression analyses of the muscle 
oxygenation response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), 
the power output associated with CHR (PCHR) and the graded exercise test (GXT) for 
subject 3. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and Orange/Red 




















Figure 30. Results of the individual polynomial regression analyses of the EMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. 

























Figure 31. Results of the individual polynomial regression analyses of the EMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. 
























Figure 32. Results of the individual polynomial regression analyses of the MMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. 

























Figure 33. Results of the individual polynomial regression analyses of the MMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 3. 





























Figure 34. Results of the power output versus time to exhaustion during trials at critical 
heart rate, V̇O2 associated with critical heart rate, and the power output associated with 
critical heart rate for Subject 4 including the time to reach each threshold. Orange/Red Line 
= Critical power, Green Line = Ventilatory threshold, Purple Line = Critical heart rate, 
Yellow Line = V̇O2 associated with critical heart rate, Blue Line = Power output associated 



























Figure 35. Results of the individual polynomial regression analyses of the V̇O2 response at 
critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power output 
associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. Yellow 
























Figure 36. Results of the individual polynomial regression analyses of the heart rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. 























Figure 37. Results of the individual polynomial regression analyses of the respiration rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. 




















Figure 38. Results of the individual polynomial regression analyses of the power output 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. 
























Figure 39. Results of the individual polynomial regression analyses of the rating of 
perceived exertion response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 4. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 



















Figure 40. Results of the individual polynomial regression analyses of the muscle 
oxygenation response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), 
the power output associated with CHR (PCHR) and the graded exercise test (GXT) for 
subject 4. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and Orange/Red 





















Figure 41. Results of the individual polynomial regression analyses of the EMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. 



























Figure 42. Results of the individual polynomial regression analyses of the EMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. 
























Figure 43. Results of the individual polynomial regression analyses of the MMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. 


























Figure 44. Results of the individual polynomial regression analyses of the MMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 4. 































Figure 45. Results of the power output versus time to exhaustion during trials at critical 
heart rate, V̇O2 associated with critical heart rate, and the power output associated with 
critical heart rate for Subject 5 including the time to reach each threshold. Orange/Red Line 
= Critical power, Green Line = Ventilatory threshold, Purple Line = Critical heart rate, 
Yellow Line = V̇O2 associated with critical heart rate, Blue Line = Power output associated 
























Figure 46. Results of the individual polynomial regression analyses of the V̇O2 response at 
critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power output 
associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. Yellow 

























Figure 47. Results of the individual polynomial regression analyses of the heart rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. 




















Figure 48. Results of the individual polynomial regression analyses of the respiration rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. 



















Figure 49. Results of the individual polynomial regression analyses of the power output 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. 


























Figure 50. Results of the individual polynomial regression analyses of the rating of 
perceived exertion response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 5. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 






















Figure 51. Results of the individual polynomial regression analyses of the muscle 
oxygenation response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 5. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 




















Figure 52. Results of the individual polynomial regression analyses of the EMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. 

























Figure 53. Results of the individual polynomial regression analyses of the EMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. 


























Figure 54. Results of the individual polynomial regression analyses of the MMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. 























Figure 55. Results of the individual polynomial regression analyses of the MMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 5. 




























Figure 56. Results of the power output versus time to exhaustion during trials at critical 
heart rate, V̇O2 associated with critical heart rate, and the power output associated with 
critical heart rate for Subject 6 including the time to reach each threshold. Orange/Red Line 
= Critical power, Green Line = Ventilatory threshold, Purple Line = Critical heart rate, 
Yellow Line = V̇O2 associated with critical heart rate, Blue Line = Power output associated 



























Figure 57. Results of the individual polynomial regression analyses of the V̇O2 response at 
critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power output 
associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. Yellow 
























Figure 58. Results of the individual polynomial regression analyses of the heart rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. 




















Figure 59. Results of the individual polynomial regression analyses of the respiration rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. 





















Figure 60. Results of the individual polynomial regression analyses of the power output 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. 
























Figure 61. Results of the individual polynomial regression analyses of the rating of 
perceived exertion response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 6. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 
























Figure 62. Results of the individual polynomial regression analyses of the muscle 
oxygenation response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 6. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 




















Figure 63. Results of the individual polynomial regression analyses of the EMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. 























Figure 64. Results of the individual polynomial regression analyses of the EMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. 

























Figure 65. Results of the individual polynomial regression analyses of the MMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. 
























Figure 66. Results of the individual polynomial regression analyses of the MMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 6. 
























Figure 67. Results of the power output versus time to exhaustion during trials at critical 
heart rate, V̇O2 associated with critical heart rate, and the power output associated with 
critical heart rate for Subject 7 including the time to reach each threshold. Orange/Red Line 
= Critical power, Green Line = Ventilatory threshold, Purple Line = Critical heart rate, 
Yellow Line = V̇O2 associated with critical heart rate, Blue Line = Power output associated 




























Figure 68. Results of the individual polynomial regression analyses of the V̇O2 response at 
critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power output 
associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. Yellow 























Figure 69. Results of the individual polynomial regression analyses of the heart rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. 






















Figure 70. Results of the individual polynomial regression analyses of the respiration rate 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. 





















Figure 71. Results of the individual polynomial regression analyses of the power output 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. 
























Figure 72. Results of the individual polynomial regression analyses of the rating of 
perceived exertion response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 7. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 




















Figure 73. Results of the individual polynomial regression analyses of the muscle 
oxygenation response at critical heart rate (CHR), the V̇O2 associated with CHR 
(V̇O2CHR), the power output associated with CHR (PCHR) and the graded exercise test 
(GXT) for subject 7. Yellow Line = GXT, Gray Line = CHR, Blue Line = V̇O2CHR, and 





















Figure 74. Results of the individual polynomial regression analyses of the EMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. 
























Figure 75. Results of the individual polynomial regression analyses of the EMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. 



























Figure 76. Results of the individual polynomial regression analyses of the MMG AMP 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. 



























Figure 77. Results of the individual polynomial regression analyses of the MMG MPF 
response at critical heart rate (CHR), the V̇O2 associated with CHR (V̇O2CHR), the power 
output associated with CHR (PCHR) and the graded exercise test (GXT) for subject 7. 
























CHAPTER 5. DISCUSSION 
5.1 Estimates of CHR 
 The mathematical model used to estimate CP has been applied to HR measurements 
in cycling (Mielke et al. 2011) and treadmill running (Bergstrom et al. 2015) to derive the 
CHR. The results of the current study indicated that the CHR derived from the linear 
regression of the HBLim versus TLim relationship displayed similar r
2 values (r2 = 0.9946 – 
0.9995) and represented a similar percentage of HRmax (91.5  5.0% HRmax) compared to 
those previously reported in cycling (r2 = 0.966 – 1.000; 92.9  2.7% HRmax) (Mielke et al. 
2011) and treadmill running (r2 = 0.995 – 1.000; 93.0  3.0% HRmax) (Bergstrom et al. 
2015). The highly linear relationship between HBLim and TLim demonstrated in the current 
study provided additional evidence to the applicability of the CP model to physiological 
measurements such as HR. Thus, the CHR estimates in the current study, as has been 
previously demonstrated (Mielke et al. 2011; Bergstrom et al. 2015), theoretically represent 
the highest HR that can be maintained for an extended period of time without fatigue. 
5.1.1 Time to Exhaustion at CHR 
 Previous work has defined a sustainable exercise intensity as maintainable for at 
least 30 to 60 min (Vanhatalo et al. 2011). In the present study, the TLim values at CHR 
represent the total time the subjects were able to maintain the designated HR, not including 
the initial time to achieve that HR (Table 3). Furthermore, the current findings 
demonstrated that all but one subject was able to complete at least 30 min at CHR, with 
half of the subjects (n = 3) able to complete the 60 min work bout (mean TLim  SD = 46.28 
 18.49 min). These times to exhaustion are similar to those previously demonstrated in 
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cycling (37.20  20.30 min) and treadmill running (48.37  11.04 min) at the CHR (Mielke 
et al. 2009; Bergstrom et al. 2015). In addition, the time spent in each exercise intensity 
domain (Severe [>CP], Heavy [<CP, >VT], and Moderate [<VT]) was calculated, 
including the initial time to achieve the threshold. The average time spent in the severe, 
heavy and moderate intensity domain was 5.12  3.12, 19.47  16.30, and 26.95  28.12 
min, respectively. The subjects that were able to maintain exercise for the entire 60 min 
spent the majority of the exercise bout within the moderate intensity domain (39.60 - 58.08 
min) after initially traversing the severe and heavy domains. The other two subjects who 
were able to maintain exercise long enough to be termed sustainable (>30 min) spent the 
majority of the trial within the heavy intensity domain (30.69 - 45.54 min). Generally, 
fatiguing (< 30 min) exercise anchored by a power output or velocity within the heavy and 
severe intensity domain is characterized by increases in V̇O2 that may (Gaesser & Poole 
1996) or may not (Sawyer et al. 2012) be driven to V̇O2peak. This V̇O2 response includes the 
presence of the V̇O2 slow component phenomenon, defined as a progressive increase (>200 
mL) in V̇O2 after 3 min of exercise performed above the VT (i.e., within the heavy and 
severe domains) (Jones et al. 2011; Poole et al. 1991; Billat 2000).  During exercise at 
CHR, however, the V̇O2 response started at 80% V̇O2peak, and subsequently decreased 
following decreases in power output to 61% V̇O2peak throughout the ride. In addition, the 
metabolic efficiency (V̇O2/Power output) decreased from the start of the bout (efficiency = 
0.16 mLkg-1min-1W-1) to the termination of exercise (efficiency = 0.18 mLkg-1min-1W-
1). The increased V̇O2 cost per W due to the V̇O2 slow component phenomenon could 
explain why both V̇O2 and power output decreased in a similar pattern, but the rate of 
decrease of V̇O2 was less than that of power output (Figure 6), such that the actual V̇O2 for 
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a given power output exceeded what would be expected based on the V̇O2-Power 
relationship from the GXT. It is possible that because power output decreased into the 
moderate intensity domain, this increased V̇O2 response may also be due to O2 drift in 
response to heat production during prolonged exercise (Hagberg et al. 1978). However, 
despite reductions in power output that may not require the recruitment of higher threshold 
motor units that drive the V̇O2 slow component, it is likely that previous work done by those 
motor units created an environment which decreased the efficiency of other motor units. It 
has been suggested (Riebe et al. 2018; Barclay 1996) that the elevation of Ca+2, Pi and H
+ 
following intense exercise can attenuate mitochondrial enzyme activity thereby causing 
reduced efficiency. Moreover, even though higher threshold motor units may not be active 
following the decreases in power output, the resynthesis of anaerobic energy stores and the 
reestablishment of metabolic homeostasis can require 20-40% of total energy turnover 
(Riebe et al. 2018). Bangsbo et al. (2001) further illustrated this point by demonstrating 
that ATP turnover rate continues to increase during exercise as a result of lowered pH, 
increased temperature, and increase Pi resulting in decreased efficiency. Therefore, higher 
threshold motor units which cause the V̇O2 slow component when active in the heavy and 
severe domain may still cause a larger than expected V̇O2 cost despite being inactive in the 
moderate intensity domain. Thus, exercise at the CHR resulted in a progressive loss in 
muscle efficiency, most likely due to previous work done by higher threshold motor units 
in the heavy and severe intensity domains typically accompanied by the V̇O2 slow 
component phenomenon. Despite reductions in power output to an intensity within the 
moderate domain to maintain HR, there appeared to be lingering muscular inefficiencies 
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that may be sufficient to stimulate adaptations over the course of a short (3-6 months) or 
long (6-12 month) exercise program at CHR. 
The metabolic inefficiency demonstrated at the end of the CHR ride may be further 
explained by the neuromuscular and muscle oxygen saturation responses. In this study, the 
EMG AMP (reflects muscle activation, and includes recruitment and firing rate) decreased, 
and MMG MPF (firing rate) increased throughout the trial, which could possibly indicate 
the decruitment of some higher threshold motor units (Cochrane et al. 2015). Therefore, 
the remaining active motor units fired at a higher rate in accordance with the Onion Skin 
Scheme, which states that lower threshold motor units have an inherently higher firing rate 
than higher threshold motor units (Contessa et al. 2013; De Luca et al. 1994; De Luca et 
al. 2014). Previous studies (Bergstrom et al. 2012) have demonstrated that during constant 
work rate exercise, there is a progressive increase in EMG AMP and decrease in MMG 
MPF reflecting the recruitment of higher threshold motor units with lower firing rates, thus 
decreasing the average or global motor unit firing rate with fatigue. However, during the 
trials at CHR, there was likely a decruitment of motor units as power output decreased. 
This decruitment of motor units is reflected by the decrease in EMG AMP and can result 
in an increase of global motor unit firing rate because the proportion of active motor units 
shifts towards lower threshold motor units with higher firing rates (Contessa et al. 2013; 
De Luca et al. 2014; De Luca et al. 1994). Moreover, increases in MMG AMP (typically 
reflect motor unit recruitment) may be attributed to decreases in intramuscular pressure in 
response to the decrease in power output, which allows for greater oscillations of the 
muscle fibers as detected by the MMG AMP signal (Beck et al. 2005, Keller et al. 2018). 
Previous work (Cochrane et al. 2015) has demonstrated no change in EMG MPF (action 
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potential conduction velocity) during non-fatiguing exercise and a decrease in EMG MPF 
during fatiguing work bouts (Bergstrom et al. 2012; Dinyer et al. 2019), however, the 
results of this study have demonstrated an increase in EMG MPF during a sustainable, non-
fatiguing work bout. These increases in EMG MPF may be explained, in part, as a result 
of the greater influence of increased intramuscular heat (Q10 effect) during sustained 
exercise (Petrofsky 1979; Petrofsky & Lind 1980). It has been previously demonstrated 
that increases in heat production from active muscle mass (Saltin et al. 1968) shortens the 
depolarization time, and therefore the action potential conduction velocity, via faster 
opening and closing of Na+ channels and increased Na+/K+ ATPase activity (Rutkove 
2001). Thus, the production of heat likely served as the main driver behind the increase in 
EMG MPF while abating any potential decrease in EMG MPF in response to metabolic 
inefficiency caused by greater anaerobic ATP turnover. Such metabolic inefficiency could 
produce metabolites such as catecholamines as well as K+ and H+ ions during continuous 
exercise (Petrofsky 1979; Poole et al. 1991) that have been hypothesized to be the 
mechanisms for the V̇O2 slow component (Jones et al. 2011). The increase of %SmO2 
during the CHR trial potentially indicates increased oxygen delivery to the muscle, and 
thus a greater rate of ATP production in response to the muscle inefficiency (Poole et al. 
2008). The increase of %SmO2 may also reflect greater capillary blood flow, which would 
enhance clearance of any metabolic byproducts accumulated while performing work in the 
severe and heavy domains. To this point, the increase in %SmO2 could also be explained 
by the decruitment of higher threshold, fast, glycolytic muscle fibers which possess 
different V̇O2 kinetics than lower threshold, slow, oxidative muscle fibers (Poole et al. 
2008). The lessened intramuscular pressure and higher capillary blood flow as power 
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output decreased add further evidence for the potential explanation of the increase in EMG 
MPF as a result of metabolic byproduct clearance. The effect of enhanced metabolic 
byproduct clearance produces greater action potential conduction velocity via elevated 
temperatures within the muscle. Therefore, the results of the current study suggested that 
during exercise performed at the CHR, there is still a progressive loss of muscle contractile 
efficiency as a result of the development of fatigue in the active, lower threshold motor 
units. This inefficiency occurs despite reductions in power output to maintain HR. Thus, 
these findings supported those of others (Bergstrom et al. 2015; Mielke et al. 2011) and 
indicated that the CHR represents the highest sustainable HR and may reflect a sufficient 
intensity to stimulate adaptions within the heavy and moderate intensity domains without 
affecting the sustainability of exercise such that exercise can be maintained for >30 min 
for most individuals. 
5.1.2 Individual Variability at CHR 
 Previous studies investigating the sustainability of exercise at CHR (Mielke et al. 
2011, Mielke 2009, Bergstrom et al. 2015) have indicated a wide array of individual 
responses in TLim ranging from 9.04 – 60 min in cycling (Mielke 2009), and 27.42 – 56.75 
min in running (Bergstrom et al. 2015). Similar results have been shown in the current 
study, with TLim ranging from 13.66 – 60.00 min. Half of the subjects (n=3) were able to 
perform the entire 60 min work bout. These subjects reached CHR within 5 min (3.66 – 
4.98 min) and the majority of the bout was performed within the moderate intensity domain 
(<VT) (39.60 – 58.08 min), with the least amount of time spent in the severe intensity 
domain (0.00 – 4.29 min). Two subjects were able to maintain CHR long enough to be 
termed sustainable (>30 min), however, they fatigued before the completion of 60 mins 
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(37.35 – 46.67 min). The time to achieve CHR was not a factor in determining time to 
exhaustion as one subject achieved CHR in 3.31 min, and the other achieved CHR in 7.63 
min. However, the majority of the trial for these subjects was spent within the heavy 
intensity domain (30.69 – 45.54 min), and they spent a greater amount of time within the 
severe intensity domain (5.94 – 8.58 min) than those subjects that were able to complete 
the full 60 min. The one subject who was unable to maintain exercise at CHR to be termed 
sustainable (13.66 min), took longer to reach CHR (6.97 min), spent the majority of the 
trial within the heavy intensity domain (12.54 min), and was within the severe intensity 
domain for a greater amount of time than the subjects that completed the full 60 min. It has 
been previously suggested (Azevedo et al. 2021) that during a self-paced time trial, the 
ability to self-regulate intensity causes a downward shift from the severe domain (“fast 
start phase”) to the heavy domain (“even pace phase”) similar to the results of the current 
study. This downward shift of intensity domain has been suggested to allow for the partial 
recovery of metabolic disturbances incurred during work done in the severe intensity 
domain at the start of the trial (Azevedo et al. 2021, Chidnok et al. 2013b). However, other 
work has suggested that despite the potential recovery of metabolic accumulation, the 
amount of work performed above CP does not change regardless of pacing strategy 
(Azevedo et al. 2021, Chidnok et al. 2013a). Therefore, the results of this study indicate 
that individual differences in the sustainability of exercise at CHR are predicated on the 
amount of time spent within the severe and heavy intensity exercise domains, thus 
exhausting their respective anaerobic energy stores (AWC or W’; including 
phosphocreatine, muscle glycogen, etc.) and were unable to recover or use stored energy 
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sources at the rate required to maintain the designated cadence (Jones et al. 2008) even 
with similar reductions in power output across subjects.  
 The perception of effort, as measured by RPE, has been linked to mechano- and 
metabo-sensory feedback from group III/IV muscle afferents from the working skeletal 
and respiratory muscle (Amann et al. 2010; Kaufman et al. 1983; Kaufman & Hayes 2002). 
These group III/IV muscle afferents have previously been linked during treadmill running 
at CHR (Bergstrom et al. 2015) under the exercise pressor reflex model (Amann et al. 2010; 
Kaufman et al. 1983; Kaufman & Hayes 2002) to respond to mechanical work and 
metabolic accumulation to influence the ventilatory, cardiovascular, and perceptual 
response. Therefore, it is of note that the subjects who could not complete 60 min at CHR 
had higher RR at the time CHR was reached (90 – 95% RRmax) and had subsequent 
increases to supramaximal levels at exhaustion (101 – 124% RRmax), while subjects who 
completed 60 min had lower RR values at the time CHR was reached (49 – 72% RRmax) 
and had modest increases or decreases in RR at the completion of the trial (60 – 65% 
RRmax). Similarly, the subjects who could not complete 60 min displayed RPE responses 
that mirrored the RR response such that their RPE was elevated at the time CHR was 
achieved (79 – 90% RPEmax) and reached maximal values at exhaustion (95 – 100% 
RPEmax). Meanwhile, the subjects who did complete 60 min had lower RPE when CHR 
was achieved (53 – 75% RPEmax) and had increases that were less than maximal values (68 
– 90% RPEmax). Thus, in accordance with the exercise pressor reflex model, the increase 
in RR may be mediated by elevated group III/IV muscle afferent feedback as a result of 
mechanical (group III), possibly more so than metabolic stimuli (group IV) (Fisher & 
White 2004) to exercise in the severe and heavy intensity domains causing an increase in 
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the perception of effort that may contribute to volitional exhaustion. These results further 
illustrate the individual differences during exercise at CHR such that the sustainability of 
exercise may be reliant upon the amount of work accomplished within the severe intensity 
domain, as well as the potential influence of group III/IV muscle afferent feedback 
mediating the respiratory response and perception of effort.  
5.2 Estimates of V̇O2CHR 
 Previous work (Succi et al. 2020) has derived the V̇O2 associated with the CHR in 
treadmill running from the linear regression of HR versus V̇O2 from an incremental test 
where the V̇O2CHR was defined as the V̇O2 corresponding to CHR. The results of this study 
indicated that the HR versus V̇O2 relationship was highly linear (r2 = 0.8833 – 0.9899) and 
that V̇O2CHR represented a similar percentage of V̇O2peak (81  10% V̇O2peak) compared to 
those previously reported in treadmill running (81  6% V̇O2peak) (Succi et al. 2020). In 
addition, previous work (Ribeiro et al. 1986) used a similar regression to derive the V̇O2 
associated with the Aerobic and Anaerobic Threshold and subsequently had subjects 
perform exercise bouts anchored by that V̇O2. Thus, the V̇O2CHR estimates in the current 
study represent a similar estimate of V̇O2CHR as has been previously shown in treadmill 
running (Succi et al. 2020), and uses a previously established method of deriving an 
intensity at which to anchor a work bout at a set V̇O2 (Ribeiro et al. 1986). 
5.2.1 Time to Exhaustion at V̇O2CHR 
 In the current study, the TLim values represent the time spent while at V̇O2CHR and 
did not include the time to achieve the designated V̇O2 (Table 7). Furthermore, the present 
findings indicated the metabolic intensity associated with CHR was not sustainable based 
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on TLim (mean TLim = 28.93  24.41 min). The majority of subjects (n=4) were unable to 
maintain exercise at V̇O2CHR for >30 min (8.66 – 18.34 min), but two subjects were able 
to complete 60 min. The TLim observed in the current study was consistent with that of 
previous work (Ribeiro et al. 1986) that performed constant V̇O2 exercise above (16.3  
3.1 min), at (40 min: test completion), and below (40 min: test completion) the “anaerobic 
threshold” (the 2nd breakpoint in the [blood lactate] vs time relationship). This second 
breakpoint represents a similar threshold as CP and the respiratory compensation point 
(RCP) (Bergstrom et al. 2013), and has been commonly used as the demarcation between 
the heavy and severe exercise intensity domains (Gaesser & Poole 1996). In addition, as 
with the CHR trial, the time spent in each exercise intensity domain was calculated and 
included the time to achieve V̇O2CHR. The average time spent in the severe, heavy, and 
moderate intensity domain was 8.36  8.22 min, 15.61  22.33 min, and 8.80  21.39 min, 
respectively. The subjects who were unable to maintain exercise long enough to be 
considered sustainable (n=4) spent the majority of the trial within the severe intensity 
domain (6.60 – 21.78 min). Three of those subjects traversed from the severe into the heavy 
intensity domain (3.96 – 14.52 min), but none went into the moderate intensity domain. 
The two subjects that were able to sustain exercise at V̇O2CHR for the full 60 min did not 
enter the severe intensity domain. One subject spent the entire trial within the heavy 
intensity domain (63.03 min), while the other spent the majority of the time within the 
moderate intensity domain (52.47 min) after traversing the heavy intensity domain (10.23 
min). Generally, V̇O2 remained constant from the start (mean V̇O2start = 31.15 mLkg-1min-
1; 82% V̇O2peak) to the end of the trial (mean V̇O2end = 30.85 mLkg-1min-1; 79% V̇O2peak), 
but the metabolic efficiency decreased from the start of the trial (efficiency = 0.16 mLkg-
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1min-1W-1) to the end of the trial (efficiency = 0.18 mLkg-1min-1W-1) with an average 
reduction in power output of 14% from start to finish. These findings were partially 
consistent with previous work (Ribeiro et al. 1986) which demonstrated a similar 
decrement in power output (~15%) during exercise anchored by the V̇O2 associated with 
the RCP/CP (~75-80% V̇O2max), but did not demonstrate any decreases in power output 
when exercise was anchored at the V̇O2 in between RCP/CP and V̇O2max (85-90% V̇O2max) 
as a result of the rapid onset of fatigue. Furthermore, Ribeiro et al. (1986) demonstrated 
significant increases in lactate accumulation when exercise was anchored at the V̇O2 at the 
RCP/CP and the V̇O2 between the RCP/CP and V̇O2max, but lactate clearance only occurred 
in the V̇O2 at the RCP/CP condition. Therefore, the lack of sustainability demonstrated in 
the current study is consistent with the fact that the V̇O2CHR was greater than RCP/CP, 
such that the clearance of lactate and other metabolic byproducts could not occur within 
the severe intensity domain. The lack of metabolic byproduct clearance may also reflect 
the more rapid development of inefficiency of the muscle (V̇O2/Power) compared to the 
CHR trial where the V̇O2CHR trial demonstrated the same magnitude of decreases in 
efficiency over a shorter time span. The muscular inefficiency may also be attributed to the 
increased and/or sustained recruitment of less efficient type II muscle fibers with lower 
V̇O2 kinetics (Poole et al. 2008). Type II muscle fibers demonstrate a lower microvascular 
O2 gradient than type I fibers, resulting in slower O2 extraction kinetics at the level of the 
myocyte and a slower V̇O2 response to changing metabolic demands of the whole muscle 
(McDonough et al. 2005). Therefore, exercise requiring a greater proportion of type II 
muscle fibers demonstrate slower V̇O2 kinetics, thereby slowing and reducing the 
magnitude of change in power output. To that point, a slower V̇O2 response caused by 
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sustained recruitment of higher threshold motor units could potentially increase the O2 
deficit, increasing the need of substrate level phosphorylation resulting in greater metabolic 
byproduct accumulation (McDonough et al. 2005). The sustained time spent at higher 
power outputs may result in increased intramuscular pressure, and therefore may cause the 
lack of %SmO2 increases in the V̇O2CHR trial as compared to the CHR trial needed to 
adequately clear byproduct accumulation. Overall, the higher power output to maintain 
V̇O2 kept subjects within the heavy and severe intensity domains for a longer period of 
time, which may have required the sustained use of higher threshold motor units and was 
more akin to what has been previously shown during constant power output trials 
(Bergstrom et al. 2012; Dinyer et al. 2019). Thus, the cumulation of a moderate decrease 
in power output resulted in the continued reliance on higher threshold motor units yielding 
an accumulation of metabolic byproducts that could not be cleared due to intramuscular 
pressure, eventually driving HR, RR, and RPE to maximal values at fatigue. 
 As with the CHR trial, the neuromuscular responses provide further evidence to 
explain the times to exhaustion and muscular inefficiency at V̇O2CHR. The present study 
was the first, to our knowledge, to examine the neuromuscular responses during exercise 
anchored at a metabolic intensity. The EMG AMP demonstrated no significant relationship 
throughout the trial, indicating that muscle activation remained largely unchanged 
throughout the trial. Therefore, despite decreases in power output, there was a sustained 
reliance on higher threshold, inefficient motor units that most likely produced metabolite 
and ion (lactate, inorganic phosphate, H+, K+, and/or Mg+2) accumulation. Moreover, 
global motor unit recruitment (MMG AMP) and motor unit firing rate (MMG MPF) 
remained unchanged, also suggesting the sustained use of high threshold motor units 
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causing the accumulation of metabolites. In addition, previous work (Barclay 1996) 
demonstrated that the intracellular environment (i.e., pH) of slow-twitch muscles remained 
largely unchanged during a fatiguing protocol, but fast-twitch muscles experienced larger 
perturbations. Furthermore, it has been suggested (Westerblad & Allen 1992) that there is 
an increased [Mg+2] during prolonged activity. In turn, the enthalpy of phosphocreatine 
hydrolysis, which is suggested to be largely insensitive to the accumulation of most 
metabolic byproducts, is decreased in low pH and also in high [Mg+2] environments 
(Barclay 1996). Thus, the resulting decrease of muscular efficiency may be due to the 
reliance of type II muscle fibers which reduced the intracellular pH and increased free Mg+2 
concentrations. The increases observed in the EMG MPF responses may indicate the 
combination of continued activation of type II muscle fibers and increased muscle 
temperature exerting a greater influence on action potential conduction velocity than 
metabolite accumulation. As stated earlier, the effect of increased intramuscular 
temperature may provide a stimulus for an increased action potential conduction velocity 
(Petrofsky 1979; Petrofsky & Lind 1980). However, the increase demonstrated during the 
V̇O2CHR trial may also be a result of the influence of the greater amount of higher threshold 
motor units comprising type II muscle fibers, with faster action potential conduction 
velocities. Karlsson & Gerdle (2001) and Kupa et al. (1995) reported that type II muscle 
fibers demonstrated increased EMG MPF compared to type I fibers. Therefore, it is 
reasonable to suggest that the increase in EMG MPF demonstrated in the V̇O2CHR was 
related to the increase in intramuscular heat generated during work, and also related to the 
higher proportion of type II muscle fibers performing that work. Thus, the neuromuscular 
responses during exercise at V̇O2CHR demonstrated no change in EMG AMP, MMG AMP 
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or MMG MPF, and point to the continued use of higher threshold motor units that are more 
inefficient and prevent a reduction of intramuscular pressure or improved muscle oxygen 
delivery. Furthermore, these higher threshold motor units may be partly responsible for the 
increase in EMG MPF due to the inherently faster action potential conduction velocities 
associated with type II compared to type I muscle fibers. However, it seems most likely 
that the increase in EMG MPF can be attributed to a greater influence of intramuscular heat 
than metabolite accumulation when exercise is anchored by a V̇O2. 
5.2.2 Individual Variability at V̇O2CHR 
 Ribeiro et al. (1986) previously anchored exercise by V̇O2 in eight males and 
demonstrated moderate variability in the times to exhaustion (12 – 22 min) above the 
“anaerobic threshold” (referring to the second breakpoint in the [blood lactate] versus time 
relationship), and only one subject (32 min) that was unable to maintain exercise anchored 
at the V̇O2 associated with the “anaerobic threshold” for the 40 min test. The results of the 
current study indicate a higher level of individual variability (8.66 – 60 min) when exercise 
is anchored at V̇O2CHR. The majority of subjects (n=4) were unable to sustain V̇O2CHR 
for a long enough duration to be considered sustainable (>30 min). These subjects achieved 
V̇O2CHR within 8 min (4.99 – 7.62 min), three of these subjects spent the majority of the 
trial within the severe intensity domain (9.9 – 21.78 min) and spent little time within the 
heavy intensity domain before the onset of fatigue (0 – 4.95 min). The other subject who 
was not able to complete at least 30 min during the V̇O2CHR spent the majority of the time 
within the heavy intensity domain (14.52 min) after traversing the severe intensity domain 
(6.6 min). Two subjects were able to complete the full 60 min and achieved V̇O2CHR 
within 5 min (2.70 – 4.32 min). Both subjects started the trial within the heavy intensity 
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domain, and one remained in the heavy domain for the entire trial (63.03 min) and the other 
traversed from the heavy (10.23 min) into the moderate intensity domain (52.47 min). 
Based on previous work in self-paced time trials (Azevedo et al. 2021), the subjects who 
exhausted prior to 30 min, demonstrated a “fast start phase” into the severe intensity 
domain, but during the “even pace phase”, where the power output is reduced to maintain 
V̇O2, the intensity was still within the severe intensity domain (Figure 23). Furthermore, 
the range of TLim within the severe intensity domain for the subjects who fatigued were 
consistent with those demonstrated within the severe intensity zone 1 (14.06 – 22.23 min) 
during treadmill running (Bergstrom et al. 2020). Moreover, three subjects demonstrated 
decreases in %SmO2 and one demonstrated a marginal increase throughout the course of 
the trial. Therefore, the majority of subjects could not sustain exercise at V̇O2CHR due to 
prolonged work performed in the severe intensity domain, such that even for the one 
subject who traversed into the heavy domain, their respective anaerobic energy stores had 
become exhausted and/or was incapable of using those energy stores at the rate required to 
maintain the cadence (Jones et al. 2008). Furthermore, the physiological and perceptual 
variables (HR, RR, and RPE) for these subjects correspondingly increased to maximal or 
near maximal values at exhaustion.  
 The individual differences are further substantiated through the neuromuscular 
responses where these subjects demonstrated no change or slight decreases in EMG AMP, 
indicating the need for the sustained use of higher threshold motor units.  In addition, these 
subjects demonstrated decreases in MMG AMP, which, in conjunction with the decrease 
or slight increase in %SmO2 in these subjects, suggests increased intramuscular pressure 
preventing sufficient metabolic byproduct clearance leading to fatigue.  To this point, there 
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were mild increases and decreases in MMG MPF regardless of if the subject completed the 
full 60 min, further suggesting there was consistent motor unit firing rate and thus no 
change in the composition of recruited motor units throughout the trial (Contessa et al. 
2013; De Luca et al. 1994; De Luca et al. 2014). All subjects demonstrated increases in 
EMG MPF suggesting that regardless of metabolic byproduct accumulation, the decreases 
in power output were sufficient to prevent interruptions and allow heat production to 
increase action potential conduction velocity along the sarcolemma (Petrofsky 1979, 
Petrofsky & Lind 1980). However, the two subjects who were able to complete the full 60 
mins did not enter the severe domain during the “fast start phase” and therefore the “even 
pace phase”, corresponding to the reduction in power, resulted in exercise being performed 
within the moderate domain (Figure 67) or within the lower limit of the heavy intensity 
domain (Figure 12). Therefore, it is reasonable that the full 60 min was completed at 
V̇O2CHR with moderate increases in HR, RR, and RPE for these subjects since there was 
likely no metabolic byproduct accumulation within the moderate intensity domain (Gaesser 
& Poole 1996). Moreover, previous work at the maximal lactate steady state (Fontana et 
al. 2009) demonstrated results that were consistent with the subject that spent the entire 
trial within the heavy intensity domain in terms of the range of TLim (30.0 – 65.2 min), 
increases in HR that did not reach maximum, and a robust increase in RPE that approached 
maximum during exercise at the maximal lactate steady state. Furthermore, these two 
subjects demonstrated decreases or no change in EMG AMP which may indicate 
decruitment of motor units as the intensity domains were traversed to the lower boundary 
of the heavy or into the moderate domain. This decruitment is supported through the 
increases in MMG AMP, suggesting decreased intramuscular pressure, and increases or no 
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change in MMG MPF suggesting increased firing rate from lower threshold motor units 
(Contessa et al. 2013; De Luca et al. 1994; De Luca et al. 2014). Thus, the individual 
variability to exercise at V̇O2CHR may be attributed to which exercise intensity domain the 
V̇O2 falls within. Therefore, exercise at a V̇O2CHR within the severe intensity domain 
followed typical patterns of responses in physiological and perceptual variables being 
driven to maximal values. Similarly, a V̇O2CHR within the moderate or heavy intensity 
domain followed patterns of responses that increased but did not reach maximal values. 
5.3 Estimates of PCHR 
 This study was the first to derive the power output associated with the CHR using 
the linear regression of the HR versus power output from the incremental test where PCHR 
was defined as the power output corresponding to CHR. The results from the current study 
indicated that the HR versus power output relationship was highly linear (r2 = 0.9600 – 
0.9886) and that PCHR represented a higher percentage of peak power (75  11% PPO) 
than CP (72  6% PPO). 
5.3.1 Time to Exhaustion at PCHR 
 In the current study, the TLim values represent the time spent while at PCHR (Table 
11). Furthermore, the present findings indicated that PCHR was not sustainable based on 
TLim (mean TLim = 22.60  21.61 min). The majority of subjects (n=5) were unable to 
maintain exercise at PCHR for >30 min (5.97 – 28.53 min). One subject, however, was 
able to complete 60 min. These TLim values are consistent with those demonstrated in 
cycling at (29.57  3.37 min) (Brickley et al. 2002), and above CP (7.41  4.18 min) 
(Dinyer et al. 2019) for the majority of subjects who could not complete >30 min. In 
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addition, the time spent in each exercise intensity domain was calculated. The average time 
spent in the severe, heavy and moderate intensity domains was 7.21  8.13 min, 15.21  
25.53 min, and 0.33  0.21 min, respectively. The majority of subjects (n=4) spent the 
PCHR trial within the severe intensity domain (5.28 – 22.77 min), and the other two 
subjects were within the heavy intensity domain (28.21 – 62.04 min). The V̇O2 response 
for the subjects within the severe intensity domain at exhaustion at PCHR (72 – 90% 
V̇O2peak) are consistent with previous work that demonstrated that V̇O2 may not reach peak 
values during exercise within the severe (Billat et al. 1998, Billat et al. 1995, Sawyer et al. 
2012, Bergstrom et al. 2020) and heavy (Gaesser & Poole 1996) intensity domains. 
Furthermore, Billat et al. (1998) and Brickley et al. (2002) also demonstrated that while 
V̇O2 response may not reach peak values during work done at, or above CP/CV, HR does 
reach near peak values (94 - 99% HRmax), which is again consistent with the results of the 
current study (95% HRmax). In addition, the RR (92% RRmax) and RPE (98% RPEmax) 
increased to near maximum values (Figure 10), and the muscular efficiency decreased from 
the start (efficiency = 0.14  0.02 mLkg-1min-1W-1) to the termination of the trial 
(efficiency = 0.17  0.02 mLkg-1min-1W-1). The decrease in efficiency may signal the 
preferential recruitment of higher threshold, less efficient, type II muscle fibers (Billat et 
al. 1998, Gaesser & Brooks 1975) during exercise for the majority of subjects in the severe 
intensity domain at PCHR. Thus, for the majority of subjects, exercise at PCHR within the 
severe intensity domain, which resulted in the increase in physiological and perceptual 
responses that have been previously reported during severe intensity exercise, and was 
therefore not sustainable for >30 min.  
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 The decrease in muscular efficiency during exercise at PCHR initially indicated 
that there may be recruitment of higher threshold motor units. This supposition is further 
supported through the examination of the neuromuscular responses. During the PCHR trial, 
EMG AMP increased, indicating a progressive increase in recruitment of higher threshold 
motor units with lower inherent firing rates (Contessa et al. 2013; De Luca et al. 1994; De 
Luca et al. 2014) to maintain the necessary power output. Furthermore, the lack of changes 
in MMG AMP may be attributed to the competing influence of motor unit recruitment and 
increased intramuscular pressure. The recruitment of additional motor units increases the 
MMG AMP, but the intramuscular pressure incurred as a result thereby decreasing the 
compliance of the active muscle mass resulting in decreased ability to oscillate (Beck et al. 
2005, Keller et al. 2018). In addition, the decreases in MMG MPF further reflect the 
increased motor unit recruitment of higher threshold motor units with slower firing rates in 
accordance with the Onion Skin Scheme (Contessa et al. 2013, De Luca et al. 1994, De 
Luca et al. 2014). Moreover, the decreases in EMG MPF are consistent with the response 
seen during constant power exercise in the severe intensity domain. This decrease has been 
attributed to the accumulation of metabolic byproducts that disrupt the conduction of action 
potentials along the sarcolemma (Mortimer et al. 1970). The inability to clear metabolites, 
again, suggests an increase of intramuscular pressure within the active muscle, and is 
potentially reflected in the decrease in %SmO2 such that the elevated pressure prevented 
adequate perfusion of the active muscle. These results are consistent with those of Dinyer 
et al. (2019) which demonstrated increases in EMG AMP, decreases in EMG MPF and 
MMG MPF, and no change in MMG AMP in cycling performed 10% above CP. Thus, 
exercise at PCHR demonstrates similar physiological, perceptual and neuromuscular 
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responses similar to those previously reported for exercise within the severe intensity 
domain and does not represent a sustainable intensity. 
5.3.2 Individual Variability at PCHR 
 Critical power has often been used as the demarcation between the heavy and severe 
exercise intensity domains (Bull et al. 2008; Brickley et al. 2002; Bergstrom et al. 2013) 
with exercise performed at, below and above CP have demonstrating a wide array of TLim. 
However, exercise above CP, in the severe intensity domain has recently been separated 
into the severe intensity zone 1 (CP to 50%∆ V̇O2peak) and severe intensity zone 2 (50%∆ 
V̇O2peak to 175% CP), each with distinct physiological responses (Bergstrom et al. 2017). 
In the current study, the majority of the subjects (n=4) had a PCHR within the severe 
intensity domain. However, half of these subjects were within the severe intensity zone 1, 
and the other half in the severe intensity zone 2. Additional work (Bergstrom et al. 2020) 
further described the range of TLim within severe intensity zone 1 (14.06 – 22.23 min) and 
severe intensity zone 2 (5.98 – 7.92 min) which was consistent with the TLim for the subjects 
within the severe intensity zone 1 (n=2, 10.29 – 21.83 min), and severe intensity zone 2 
(n=2, 5.97 – 6.28 min). The two subjects who were in the heavy intensity domain 
demonstrated differing responses as well. One subject was near the upper boundary of the 
heavy and severe intensity domain, and the other was near the lower boundary of the heavy 
and moderate intensity domain. The subject just below the severe intensity domain 
demonstrated a TLim (28.53 min) which was consistent with that reported in exercise at 
(29.57 min) (Brickley et al. 2002), and 10% below CP (23.92 min) (Dinyer et al. 2019). 
The subject just above the moderate intensity domain was able to complete the full 60 min. 
Previous work examining exercise at the maximal lactate steady state (boundary between 
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heavy and severe intensity domain) has reported TLim values of 40 – 60 min (Billat 1996; 
Billat et al. 2003; Schnäbel et al. 1982), so it is conceivable that exercise just within the 
heavy intensity domain can be sustained for 60 min, most likely due to the equal rate of 
clearance and production of lactate (Billat et al. 2003). For all subjects, V̇O2 increased but 
did not reach V̇O2peak, HR increased to near HRmax, but RR increased to near RRmax except 
for the subject that was able to complete the full 60 min, who had an increase in RR but 
did not reach RRmax. The perceptual responses mirror the physiological response such that 
RPE reached RPEmax in all subjects except for the subject who completed 60 mins where 
RPE increased but did not reach RPEmax. The lack of increase in RPE to max in the subject 
that completed 60 min is most likely linked to the lack of feedback from group III afferents 
responding to the lack of respiratory muscle work done comparatively to the other subjects 
(Amann et al. 2010; Kaufman et al. 1983; Kaufman & Hayes 2002). Thus, the individual 
variability in the TLim at PCHR is related to the intensity domain the power output is in 
where subjects demonstrated typical responses that have been previously shown in each of 
those domains.  
 While the subjects in the current study had a PCHR that were located within 
different exercise intensity domains, the neuromuscular responses were largely consistent 
across subjects. All subjects demonstrated increases in EMG AMP, indicating the increase 
in motor unit recruitment that is typically reported during constant power output exercise 
(Bergstrom et al. 2012; Dinyer et al. 2019). Similarly, there were decreases in EMG MPF 
in all subjects except for the subject who completed 60 mins. Therefore, the majority of 
subjects demonstrated an increase in metabolic byproduct accumulation due to the increase 
of higher threshold motor units. However, the other subject was not required to recruit as 
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many of these motor units, and was able to clear metabolite production allowing for an 
increase in action potential conduction velocity as heat was produced in the exercising 
muscle (Petrofsky 1979). The varied response in MMG MPF across subjects and intensity 
domains may indicate the competing influence of motor units that have already been 
recruited versus those that are newly recruited during exercise on global firing rate (Dinyer 
et al. 2019; Contessa et al. 2013; De Luca et al. 1994; De Luca et al. 2014). Furthermore, 
the MMG AMP response may also be the combination of the decrease muscle compliance 
and motor unit recruitment. Both of these influences may be represented through the 
%SmO2 response such that a decrease in MMG AMP was most likely the result of 
increased motor unit recruitment that caused an increase in intramuscular pressure. 
However, the majority of subjects demonstrated decreases or no change in %SmO2, 
indicating that the majority of subjects likely experienced an increase in intramuscular 
pressure. Therefore, the varying response in MMG AMP may be related to the decreased 
muscle compliance caused by the increased pressure, or the increase in motor unit 
recruitment. Thus, the individual variability in the neuromuscular responses at PCHR are 
related to the TLim where the subjects that were not able to complete 60 min demonstrated 
similar responses typically associated with fatigue. 
5.4 Limitations 
 This study was the first to examine the TLim, physiological, perceptual and 
neuromuscular responses to exercise anchored at the metabolic intensity and power output 
associated with CHR to compare with exercise at CHR. There were, however, several 
limitations to this study. The primary limitation was that due to the Global Pandemic of 
SARS-CoV-2, the full recruitment of subjects as was initially planned could not be 
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accomplished in the necessary time frame, which eliminated the possibility of making 
mean comparisons. Although, the subjects recruited represent the target population, there 
is the possibility of differing responses that were not observed due to the lack of power in 
this study. Therefore, future studies should replicate the current study using a larger sample 
size so that there is sufficient power to perform mean comparisons and further elucidate 
the mechanisms of fatigue during exercise based on the CHR. 
 The time of day used for testing was not controlled in the current study. It has been 
shown that HR measures can vary throughout the day due to a litany of factors including 
feeding status, hydration status, sleep, and stress, among others (Bessot et al. 2006, Brehm 
1989, Kirwan et al. 1998, Salam et al. 2018). In addition, due to limitations within the 
laboratory in which testing took place, the temperature was not well controlled with the 
change in season. The inconsistent temperature may have further influenced performance 
(Walters et al. 2000). While CHR has been demonstrated to be a reliable measure (Succi 
et al. 2021 In Press) that is robust to the lack of control of such factors, it must be noted 
that a certain level of variability is to be expected. Therefore, future studies examining the 
potential changes in CHR with training or ergogenic aids should attempt to control for 
some of these factors that may influence TLim and HRavg values used to derive CHR.  
 Another potential limitation of the present study was the use of the vastus lateralis 
as the sole muscle used in examining the neuromuscular responses. Anecdotally, several 
subjects stated that they perceived the lack of ability to maintain pedal cadence was due to 
fatigue in the hamstring and/or gluteus muscles, not due to fatigue in the vastus lateralis. 
In addition, Da Silva et al. (2015) demonstrated that while the vastus lateralis exhibits the 
greatest activity during cycling, biceps femoris was active during the entire pedaling cycle. 
158 
 
The biceps femoris short head, in particular, was activated for a longer duration than 
superficial thigh muscles, such as the vastus lateralis (Da Silva et al. 2015). Therefore, 
future studies should examine the neuromuscular responses in multiple lower limb muscles 
during trials at CHR, V̇O2CHR, and PCHR to further examine the recruitment patterns 
associated with the onset of neuromuscular fatigue.  
5.5 Practical Applications 
 The CHR model has been demonstrated in the current study, as well as in previous 
work (Bergstrom et al. 2015, Mielke et al. 2011), to provide an estimate of a sustainable 
HR which elicits an inefficiency within the exercising muscle that could theoretically 
stimulate adaptations. The novelty of this study demonstrates the difference in 
physiological response when exercise is anchored at CHR versus a metabolic intensity or 
a power output. Specifically, comparing the CHR to the PCHR highlights the increased 
sustainability of the CHR compared to constant power exercise, which is traditionally how 
exercise is examined in a research setting. Despite the decreases in power output needed to 
maintain CHR, there is evidence that the active muscle mass experiences an overload 
stimulus that may allow for adaptations to occur over the course of a training program. In 
addition, the CHR may provide a greater stimulus due to the increased duration of exercise 
at CHR versus PCHR. However, additional research is required to evaluate the 
physiological adaptations to training at the CHR versus traditional power output-based 
training (i.e. the power output associated with the designated V̇O2 or HR) and training based 
on population-based HR ranges (77-95% HRmax) (Garber et al. 2011, Riebe et al. 2018) as 
currently recommended by the ACSM. Furthermore, additional research should be 
conducted in examining the response to exercise at the CHR across various populations 
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with different training statuses to examine the applicability of the CHR to trained and 
untrained populations. Nonetheless, the CHR has the potential application to be used as an 
individually derived intensity to prescribe exercise to increase cardiorespiratory endurance.  
5.6 Summary 
 The results of the present study indicated that exercise at CHR was more sustainable 
than exercise at V̇O2CHR and PCHR. Theoretically, the estimates of CHR in the present 
study represented the maximal HR that could be sustained for an extended period of time 
without fatigue (Mielke et al. 2011; Bergstrom et al. 2015). The current findings indicated 
that the majority of subjects (n=5) could maintain CHR for >30 min, while two subjects 
were able to complete 60 min at V̇O2CHR and one subject was able to complete 60 min at 
PCHR. Thus, the results of the current study indicated that on average, exercise centered 
around the CHR was more sustainable when anchored by HR than V̇O2 or power output. 
The TLim values at CHR were consistent with those previously reported in cycling and 
treadmill running (Mielke et al. 2011; Bergstrom et al. 2015). During the trials at CHR and 
V̇O2CHR, the power output was reduced to maintain the selected HR and V̇O2, respectively. 
There was, however, a greater magnitude of decrease in power output during trials at CHR 
than V̇O2CHR. The greater decreases in power output observed during the CHR trial 
allowed for subjects to traverse the intensity domains more rapidly to minimize the amount 
of time spent in the severe intensity domain. These findings suggest that work performed 
in the severe and heavy intensity domains deplete anaerobic energy stores and/or prevent 
the reconstitution or use of these stores at a sufficient rate necessary to maintain the 
designated cadence (Jones et al. 2008), ultimately resulting in fatigue. Across all three 
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modalities, there were decreases in muscular efficiency, even with decreases in power 
output in the CHR and V̇O2CHR trials.  This inefficiency regardless of decrements in power 
output suggested that previous work done in the heavy and severe domains to achieve the 
desired intensity caused lingering effects within the muscle for the entire trial even with 
increased oxygen delivery at CHR as reflected by %SmO2. Therefore, exercise at CHR, 
V̇O2CHR, and PCHR provided an overload stimulus to the muscle.  The perception of effort 
was greater at V̇O2CHR and PCHR than at CHR, further reflecting the increased 
sustainability of exercise anchored by HR. Thus, CHR may provide a method of 
prescribing exercise that is sustainable, is perceived to require less effort, and may 
stimulate adaptations.  
 The neuromuscular responses at CHR, V̇O2CHR, and PCHR indicated varying 
motor unit recruitment patterns that may further reflect the difference in sustainability of 
exercise at each intensity. Exercise at CHR resulted in a decrease in EMG AMP (muscle 
activation), while there was no change at V̇O2CHR and increases at PCHR indicating 
decreased muscle activation at CHR, no change at V̇O2CHR and additional activation at 
PCHR. In addition, the MMG MPF (motor unit firing rate) increased at CHR, did not 
change, and decreased at PCHR. These results suggested that at CHR, there was a higher 
proportion of lower threshold motor units with faster firing rates caused by decruitment 
(Contessa et al. 2013; De Luca et al. 1994; De Luca et al. 2014), no change in recruitment 
at V̇O2CHR, and an increase in higher threshold motor units with slower firing rates at 
PCHR. The MMG AMP (motor unit recruitment) responses were potentially confounded 
by the competing influences of intramuscular pressure and motor unit recruitment. 
However, in conjunction with %SmO2, the results suggest that there was increased 
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muscular compliance as a result of decreased intramuscular pressure as power output 
decreased at CHR. Meanwhile, there was no change in MMG AMP at V̇O2CHR with a 
slight in increase in %SmO2 which suggested that there was a maintenance of motor unit 
recruitment. During the PCHR, there was decreases in %SmO2 and no changes in MMG 
AMP which suggested that the intramuscular pressure resulted in decreased muscular 
compliance, thus preventing the muscle from oscillating (Beck et al. 2005, Keller et al. 
2018). Lastly, the EMG MPF (action potential conduction velocity) increased at CHR and 
V̇O2CHR, but decreased at PCHR which suggested that metabolic byproduct clearance was 
possible at CHR and V̇O2CHR, while byproduct accumulation occurred at PCHR. 
Furthermore, the increase in EMG MPF may be attributed to the effects of heat production 
on action potential conduction velocity (Petrofsky & Lind 1980). Overall, these findings 
suggested that the HR response during exercise reduced the time spent at heavy and severe 
intensities which cause an accumulation of metabolic byproducts that can reduce the 
efficiency of the active muscle mass. Excessive time spent in the heavy and severe intensity 
domain may result in an increased amount of work performed utilizing anaerobic energy 
stores that may (Chidnok et al. 2013b) or may not (Jones et al. 2008) be replenished during 
continuous exercise despite decreases in power output, leading to an increased inefficiency 
and potentially fatigue. Therefore, CHR provided an intensity which was more sustainable 
than those anchored by V̇O2 or power output, and may provide a sufficient stimulus for 
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